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ABSTRACT

The U.S. Nuclear Regulatory Cossais siot. (USNRC), its contractors and
consultants have developed a methodology for evaluating Code Scaling,

Applicability and Uncertainty (CSAU). The CSAU method is systematic, practical
and auditable, and it has been demonstrated by applying it to the TRAC-PF1/ MODI,
Version 14.3 code and its analysis of a Large Break Loss of Coolant Accident
(bBLOCA) for a Westinghouse four-loop plant. In applying the methodology, the
accident course is divided into three dif ferent phases, namelyn B10wdown, Refill
and Reflood. There are two distinct peaks in the clad temperature history, one
in the Blowdown Phase and one in the Reflood Phase.

The Peak Clad Temperature
(PCT) of the Blowdown Phase is governed by fuel characteristics. The peak clad
temperature of the Reflood Phase is governed by the phenomena affecting the
Refill Phase as the clad temperature continues to rise almost adiabatically
during the Refill phase. Specifically, the accond PCT is affected by critical
break flow, two-phase pump degradation and the phenomena related to Emergency
Core Cooling System (ECCS) in the downcomer and lower plenum of the reactor
vessel.

This report, describes a general method for estimating the effect on the
Reflood Phase PCT f rom sys*.ematic errors (biases) associated with the modelling
of the ECCS and dissolved nitrogen, and the application of this method in
estimating biases in the Reflood Phase PC. (second PCT) predicted by the
TRAC /PF1/ MOD 1, Version 14.3. The bias in the second PCT due to the uncerteJnty
in the existing code models for ECCS related phenomena is -19'K (-34*F). The

negative bias implies that the code models for this pherwnena are conservative.
2 in theThe bias in the second PCT due to the lack of modelling 7f dissolved H

code is estimated to be 9.9'K (17.8'F) . The positive "las implies that the
absence of dissolved H2 model makes the code prediction of PCT non-conservative.

The bias estimation in this report is a major exception among all other
uncertainty ard bias assessments performed in conjunction with the CSAU
methodology demonstration, because this bias estimation benefitted from using
full-scale test data from the full-scale Upper Plenum Test Facility (UPTF).
Thus, the bias estimates presented here are unaffected by scale distortions in
test facilities. Data from small size facilities were also available and an
estimate of bias based on these data will be conservative.

-111-
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EKECUTIVE SUM RRY

introduction

The Large Break Loss of Coolant Accident (LBLOCA) is a design basis
accident for licensing purposes. The licensee is required to demonstrate that
during a hypothetical LBLOCA the emergency core cooling system (ECCS) will
provide adequate core cooling to prevent damage to the f uel cladding. In August
of 1988, the U.S. Nuclear Regulatory Commission (USNRC) published new guidelines
for assessing the adequacy of the ECCS. The revised guidelines allow the
licensee to predict LBLOCA events with a best es'.imate computer code, provided
the uncertainty in predicting safety parameters, such as the peak clad
t*mperature, is quantified with a high level of confidence.

The USNRC has developed a methodology (TPG, 1989) for evaluating Code
Scaling, Applicability and Uncertainty (CSAU) . This method was demonstrated by i

applying it to the TRAC-PF1/ HOD 1 Version (14.3) code and by its analysis of !
'

LBLOCA for a Westinghouse four-loop plant (TTG, 1989). In spplying the

methodology, one divides the accident course into three dif ferent phaces, namely,
Blowdown, Refill, and Reflood. There are two distinct peaks in clad timperature
history, one in the Blowdown phase and one in the Reflood Phase. The ?eak C!ad
Temperature (PCT) of the BlowJown Phase is governed by fuel characteristics (Shaw
et al., 19881 ulff. 1967). The Peak Clad Temperature of the Reflood Phase is**

governed by the phenomena affecting the Refill Phase, as the clad continues to
heat up during the Refill Phase. Specifically, the second PCT is affected by 1

critical break flow, two-phase pump degradation and ECCS-related phenomena in the
downcomer and lower plenum of the reactor vessel (Shaw e'. al., 1988). This ;

report addresses ECCS- and N -related phenomena and also deals with the effect2
that the modeling of these phenomena has on the PCT of the Reflood Phase.

;

Obiective.of the Research Pronram ,

The objective of the analysis describeJ in this document is to present a
general method for estimating the effects on PCT from systematic errors
associated with the modeling of ECCS and dissolved nitrogen, and to apply this
method to the TRAC code.

P

,

.Specifically, as part of a CSAU application, the purpose is to estimate the
biases in the TRAC-PF1/ MODI, Version 14.3 prediction of PCT in the Reflood Phase

,

due to

1) uncertainties in modeling ECC bypass phenomena in the downcomer and
lower plenum, and

2) the lack of a model for dissolved nitrogen H '2

The biases in ?CT to be estimated arise f rom systematic modeling errors in
TRAC causing errors .'n the prediction of the time at which, af ter blowdown, the
lower plenum is again tull of 11guld delivered by ECCS. This time occurs at the
end of the Refill Phast and the beginning of liquid injection into the core,
which, in turn, terminatis the rise in clad temperature in and thereby controls
PCT. The bias estimatet developed in this analysis are used to shift the
probability distribution of PCT uncertainty as obtained f rom the statistical
analysis of stochastic uncertainties (TPG, 1989).

1
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s-rv of Procedure -

During the Refill Phase, the e !
the lower plenum is full of liquid, ore'ie voldt I and the cladding heats up untiland some of the liquid begins to enter the

,

core.- The bias in the PCT prediction is due to the bias in predicting the
duration of the Refill Phase. The longer the Refill Phase lasts, the larger will i

be the PCT. The Refill Phase is shown to be divided into four phenomenologically *

distinct periods, namely the Complete Bypass Period, the Delay Period, the
Counter Current Flow Period, and the No-Bypass Period. .The net bias in
predicting the duration of the Refill Phase is obtained from predicting the sum
of the four bisses. The bias in the PCT is then estimated by moltiplying the
total bias in the duration predicted for the Refill Phase by the average clad
heatup rate during the Refill Phree. The heatup rate is obtained f rom the
reference calculation of the plant, using the TRAC computer e se.

Blas Due to ECC Bvoans Phennmana Modeling
i

The bias in the PCT due to ECC bypass phenomena modeling is estimated by
using ECC bypass data from the full-scale Upper Plenum Test Facility (UPTF)

'(Siemens, A. G, 1987: Damarell, 1988a, 1988b, 1988c Wolfe,1988a,1988b),which
models the upper plenum and downcomer components of a reactor vessel without
scale distortion. We have estimated the three discrepancies in the prediction
of (1) the e-itical steam-flow rate (i.e. , the steam flow rate below which there

would be liquid delivery to the lower plenum given suf ficient time), (11) the
delay in the delivery of liquid to the lower plenum from the time of injection, ,

and (iii) the rate of liquid delivery to the lower plenum, and have converted '

them into the bias of the Refill Phase time period. The resulting bias in PCT
is estimated by multiplying the cladding heatup rate by the bias in the Refill
Phase time period, as explained above. No corrections are needed to account for
scale distortion in the test data.

Blas Due to the Lack of a Model of Dissolvq1.1{2 '

I

The N -related bias in PCT is obtained by developing a separate model of2
the reactor system, accounting for the effect of the dissolved N . This is2

'accomplished by performing a TRAC calculation for UPTF Test 6 conditions with and
without N2 injection. The biases in the durations of the four periods listed

,

earlier are estimated from the effect of N2 on the critical steam flow rate, on ;

the delay in delivery of liquid to the lower plenut.t. and on the rate of 11guld
'

delivery to the lower plenum. This bias in the prediction of the duration of thel

Refill Phase is obtained by summing the four biases. The bias in PCT is
estimated by multipying the cladding heatup rate by the bias in the Refill Phase i

t period. Again, no corrections are needed to account for scale distortion in the !

| test data. j

Summary of Results I

I
The bias in the PCT due to the uncertainty in the existing TRAC models for

'

bypass phenomena is -19'K (-34'F). The negative bias implies that the code is
conservative in modelling the bypass phenomena and, relative to ECCS effects,
predicts PCT too high. This bias will be subtracted f rom the overall PCT
uncertainty.

-vi-
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The Refill Phase was divided into four phenomenologically different
periods. The largest contribution to the bias is from the Delay Period (-17.7'K)
during which the ECC is accumulating in the cold legs and the downcomer region
of the reactor. The Counter Current Flow Period was surprisingly small (0.5 s)
and contributed only -1.3'K to the . total bias in PCT. The most important

parameter during the Delay Period is the critical steam flow rate. Since the
data for determining this critical steam flow rate are sparse, more data are
needed, particularly at high steam flow rates. Furthermore, additional test data
are needed to provide a meaningful statistical analysis.

The bias in PCT due to the lack of modeling ef fects of dissolved H2 in th'
TRAC code is 9.9'K (17.8'F). This bias was computed in part with bounding
calculations. The positive value of the bias implies that the inclusion of a
dissolved N2 model would lead to a code prediction of a higher PCT. It is

recommended that a model of dissolved N2 based on the variation in the
solubility of the non-condensable gas (i.e.,, Henry's model), be included in the
code. The code has a model of non-condensable gas, but it does not allow for ,,

Cmass transfer of gas from or to the liquid phase.

.
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1. INTRODUCTION

1.1 nackaround

The - Large Break Loss of Coolant Accident (LBLOCA) is a design basis
The 11onwee has tothat must be analyzed for licensing purposes.accident

demonstrate that during a hypothetical LBLOCA the Emergency Core Cooling System
(ECCS) v11.1 provide adequate cooling to the core and prevent damage to the fuel

With inadequate core cooling, there is a possibility f or core heatup,cladding.
' oxidation of the airconium fuel rod cladding and cladding rupture, leading
eventually to a release of radiation into the reactor vessel.

In 1974, the USNRC set up rules for assessing the performance of ECCS for
These rules consist of acceptancelight water reactors under LBLOCA conditions. 30.46 (10.criteria, listed in the Code of Federal Regulation. Title 10. Section

CFR 50.46): constraints in the method of analyzing the ECCS performance are
listed in the accompanying Appendix K. The acceptance criteria focus on
maintaining the integrity of the cladding.

Since 1974, there has been extensive research in reactor thermohydraulics
and development of Best Estimate (BE) computer codes. The results of these BE
codes indicate that the ECCS rules are conservative (Rohatgi, et al., 1986).
To account for the technological advances made in the last 15 years and to use
the realistic BE codes for analysing the ECCS performance, the l'"RC approved a
revision of 10CFR50.46 and Appendix K in August, 1988 (USNRv, 1988). The

revisions, which lead to the analyses reported here, require tLet the

uncertainties arising from the prediction of ECCS performance and impacting on
safety (PCT being the most important parameter for safety), be quantified with
a high level of assurance.

1.2 The CSAU Methodolony

To provide a technical basis for the revision of the ECCS evaluation
the USNRC, its contractors and consultants developed a generalmethodology, Thismethod of quantifying the uncertainty in the code predictions (TPG,1989).

method is called Code Scaling, Applicability, and Uncertainty (CSAU) evaluation
methodology. It provides a structured, auditable, and traceable method of

_

combining quantitative analysis with expert opinion. .The code prediction of the
safety parameter (PCT for LBLOCA), along with the uncertainty estimated through
the CSAU methodology, are compared with the acceptance criteria to assess the
plant's safety margin.

The CSAU evaluation methodology was applied to the LBLOCA analysis of the
festinghouse four-loop Pressurized Water Reactor (PWR), using TRAC-PF1/ MOD 1,
hrsion 14.3 (TPG, 1989). The code was used to predict PCT for the accident.
Tle CSAU methodology was used to e. imate the uncertainty with a 952 level of
confidence for the TRAC code prediction of PCT. The predicted PCT plus its

be less than the permissible value of PCT (2200'F). The
uncertainty must
dif ference between the permissible value of PCT and the predicted PCT, augmented
by its uncertainty, is the safety margin and, thus, an adequacy measure of the
ECCS performance.
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1.2.1 contributions to Uncertainty |

Computer codes to predict nf reactor transients consist of a set of balance
equations for two-phace coolant flows, a model for conduction in the neutron

|fission power and for solids, a set of intrinsic constitutive relationships for !
material properties- of gases, 11gulds and solids, extrinsic constitutive
relationships _such as flow regime maps, wall and interfacial heat and momentum
transfer coefficients, and numerical procedures. The results depend upon the ]models in the code, the initial and boundary conditions, the numerical methods

.

2

and the nodalization scheme used. The uncertainty in the prediction can arise
f rom an inadequate formulation of flow models, inappropriateness of some of the ;

conatitutive relationships, insufficient detail in the nodalization, the |
approximation Jr. the numerical methods, and uncertainty in specifying the
boundary conditions and plant parameters.

Among the many relationships in the code, the inappropriate constitutive
relationships include correlations which are either based on data from improperly '

scaled test f acilities, or do not cover the range of the flow conditions expected
during the reactor transient, or, in some cases, have no verifiable basis. The '

uncertainty in the reactor's conditions arises from the imprecise knowledge of '

the reactor's initial conditions, fuel composition and geo etry of the plant. |Any method for evaluating the uncertainty in the code prediction must account for
all the contributors listed here. The CSAU methodology provides a systematic

,

means of quantifying these uncertainties.

1.2.2 Description of CSAU Methodolony

The CSAU methodology (TPG, 1989) consists of 14 steps which are organized |
An three groups (Figure 1.1) . The first group (Steps 1-6) is called Requirements
and Code capabilities (Wilson, et al., 1988): it consists of the specification
of the transient (Step 1) and Nuclear Power Plant (NPP) (Step 2), the
identification of phenomena and their ranking (Step 3), leading to the Phenomena

t

Identification and Ranking Table (PIRT), and the selection of the code (Step 4)
and its documentation (Step 5). The final step in this group is theg

i determination of the code's capability to model the important phenomena
identified in Step 3.

The second group, Steps 7 to 10, is called Assessment and Ranging of
Parameters (Wulff, et al., 1908). This part of the methodology consists of
selecting a matrix of Separate Effects Tests (SET) and Integral Effect Tests
(1ET) (Step 7), relevant to the scenario, as well as to the important phenomena
and components selected in Step 3. Step 8 requires setting up of the standard
noda11tation for the nuclear power plant (NPP) representation, thereby accounting I
for all the important phenomena. Nodalization for the SET and IET calculations
must be the same as the nodalization used in the HPP calculation. The
identification of the ' ode parameters which model the important phenomena, and
the ranging of the parameters on the basis of their uncertainties and stand-alone

i

calculations are periSrmed in Step 9. Finally, in cases where the data base or
the separate effects *ests used in Step 9 did not cover the fluid conditions,

expected in the accident nor the f ul.l-plant size, the range of the parameter has
to be modified to conservatively account for the scale compromises. This
modification is performed in Step 10. The IET calculations provide an
independent check on ;he overall sncertainty in the predicted safety parameter
(Steps 9 and 10).

-2-
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l The third group (Steps 11 14) is called Sensitivity and Uncertainty
Analysis (Lellouche, et al., 1988). In Step 11. NPP calculations are performed
to predict the sensitivity of the safety parameter to the perturbed es, ige of the
modeling parameters. The range of perturbation is determined f rom the range of
the modeling parameter uncertainty (Step 9). A response surface is developed'to
approximate the relationship between modelling parameters and the safety
parameter (PCT) . This alleviates the need for expensive code calculation in the
statistical analysis, used to compute the uncertainty distribution for the safety
' parameter (Step 12). When the modelling parameters in the code, governing an
important phenomenon, have systematic errors either due to the lack of a data
base, or due to artificial constraints, the code is said to have a bias in the
' prediction of safety parameters. In such cases, a bias is estimated either
directly through the code or through a separate calculation. This bias is used
to shift the uncertainty probability distribution, and this is accomplished in
Step 11. The uncertainty in the safety parameter is documented in the last step.

1.2.3 Application of CSAU Methodology to LBLOCA Prediction

The CSAU methodology [TPG. 1989) described here was applied to the best
estimate (BE) analysis of LBLOCA in a Westinghouse four-loop plant using
TRAC-FF1/ MOD 1. Version 14.3. The uncertainty from modeling ECCS phenomena and
from omitting the modeling of dissolved nitrogen in the predicted PCT which is
the safety parameter in LBLOCA. is estimated here with this method.

The time span of the transient from the time of the break to the time of
the complete clad quenching was divided into three periods, namely Blowdown.
Refill, and Reflood Phases. The Blowdown Phase is the period during which the
system depressurires, as it loses coolant through the break. This Blowdown Phase
ends when the ECC flow is initiated in the intact loops. The Refill Phase is
next, during which the ECC liquid initially bypasses the downcomer, and later,
begins to accumulate in the downcomer and lower plenum. The Refill 'hase ends
when the lower plenum is filled. During the third or Reflood Phase, the core
begins to fill up. This phase ends when the cladding is quenched. There are two
peaks in the clad temperature history: the first is in the Blowdown Phase and
the second in the Reflood Phase.

1he Phenomena Identification and Ranking Table (PIRT) (Shaw, et al.,1988:
Wilson, et al. ,1988) was developed as part of the CSAU demonstration for LBLOCA:
it showed that the downcomer is an important component, and the ECC bypass
phenomena and the effect of non-condensables during the Refill Phase are
important. The uncertainty in modelling the downcomer flows leads to uncertainty
in predicting the filling rate of the lower plenum and, consequently, the
duration of the Refill Phase. During the Refill Phase, the cladding continues
to heat upi heat-up ends when the lower plenum is full and the coolant is
entrained into the core. Any uneartainty in the prediction of the duration of
the' Refill Phase will lead to . uncertainty in the time available for clad
heat-up and. therefore. In PCT. There will be contributions to PCT uncertainty
by the uncertainty in modelling the bypass phenomena and the effect of any
non-condensable. The estimates of these contributions are the subject of this
report.

,
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1.2.3.1 Bina in Ecc avnans Phenna.na Prediction

The bypass phenomena are modelled in TRAC by seven sets of code parameters
namely, the parameters defining flow regime maps, interf acial area density,
interfacial shear coe f ficiet.t s , interfacial heat transfer coefficients,

entrainment, wall f riction, and wall heat transfer coefficients. The wall

friction and wall heat transfer will have lesser influence on the bypass
phenomena than the other five sets of parameters.

The correlations for the important five sets of ECCS model parameters in
the TRAC code are not based on data relevant to conditions in Nuclear Power
Plants (NPP) and have built-in constraints. Therefore, they have systematic
errors and cause biases in the code prediction of PCT. Furthermore, because

these systematic modeling errors do not have stochastic distributions and cannot
be ranged, thef r contribution to the uncertainty in predicted PCT cannot be
included in the probability distribution of PCT uncertainty.

Instead, the bias in PCT due to the systematic modeling errors will be
estimated by first computing the bias in the lower plenum filling re te f rom the
simulation of a full-scale Separate Ef fects Test (Upper Plenum Test Facility) and
then by converting the bias in the filling rate into the bias in the duration of
the Refill Phase, and finally, into the bias in PCT. This PCT bias is used to
shift the PCT uncertainty distribution.

Model
1.2.3.2 Riis Due to Lack of Model for Dissolved N2

During the Refill Phase. Emergency Core Coolant (ECC) flows f rom the
accumulators into the cold legs. The ECC liquid in the accumulator is saturated
with dissolved H . The dissolution of N2 occurs because of depressurization.

2
2 emerging f rom the ECC liquid af fects the filling rate of the lower plenumThe N

by displacing liquid f rom the cold legs to the downcomer, by reducing the
condensation rate, and by causing the reduction in ECC flow. The TRAC code does
not have a model for such phenomena, and the predicted PCT will have a bias.

This bias in PCT is estimated by a separate calculation first, to determine
the bias in ECC flow rate and then in the duration of the Refill Phase. The bias
in the Refill Phase duration is converted to a bias in PCT by multiplying the
bias in duration by the clad heat-up rate. The resulting PCT bias is used to
shift the PCT uncertainty distribution.

1.3 Reoort Ornanization

This report describes the procedure for estimating biases due to the
modelling of ECC bypass phenomena and due to the lack of a model for dissolved

2 when the TRAC code is applied to calculate a LBLOCA for a Westinghouse PWR.N
The report has five chapters and five appendices. Chapter 2 describes the
objective of the task, Chapter 3 describes the procedure and its application in
estimating the PCT bias due to deficiencies in.the ECC bypass model: Chapter 4
describes a procedure and its application of estimating PCT bias due to the lack
of a model for dissolved H , and, finally, Chapter 5 provides the summary and

2
conclusions. The five appendices describe the Upper Plenum Test Facility (UPTF)
and the method of computing lower plenum filling rate (Appendix A), the
nodalization used to model UPTF with TRAC (Appendix B), the input deck for UPTF
code simulation (Appendix C), the method of obtaining UPTF lower plenum filling

-5-
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rate f ro:n TRAC predictions (Appendix D)' and, lastly. Appendix E descrabes - the
procedure of estimating the dissolution rate of N2 and its ef fect on the ECC flow
rate.
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2. OBJECTIVES

!
The objectives of the work reported here are the following

;

1. To demonstrate a method for assessing the uncertainties in Peak Clad
Temperature (PCT) predictions by computer code, caused by stochastic
modeling uncertainties and systematic modeling errors, associated
with predicting i

(1) ECC bypass hydraulics, and
(ii) effects f rom the release of dissolved nitrogen f rom the ECCS, j

2. To apply the above method to the TRAC-PF1/ MOD 1, Version 14.3 code,
as it is used to analyze an LBLOCA for a Westinghouse four-loop PWR.

Specifically, the purpose is to determine the effects from existing
modeling uncertainties and scale distortions on Peak Clad Temperature (PCT), as f

well as to find PCT uncertainties and biases f rom stochastic and systematic ]
errors in oucncomer modeling. Such biases can be added by statistical methods i

[TPG, IT?ol '.a the 407 uncertainties arising from modeling errors associated with
the c de Tretuicolon of all other phenomena related to LBLOCA. !

,

H
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!

u
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3. BIAS IM PCT FROM THE MODELLING CF ECC BYPASS PHENOMENA

The ECC bypass phenomr's result from the interaction of downcomer flows,
cold leg flows and break f) ww. These flows are governed by the combination of
interfacial momentum t re asier, interfacial mass transfer (flashing and

condensation), entrainment, wall heat and momeatum transfer and critical flow.
The TRAC code (documented in Step 5 Figure 1.1) has seven sets of parameters to
model these interactions, namely: flow regime transitions, interfacial area
density, interf acial shear coef ficients, interf acial heat transf er coef ficients,
entrainment, wall friction, and heat transfer coefficients. Some of the
correlations used to model these interactions are not based on experiments |
relevant to NPP and _have non-physical constraints [Liles, et al., 1988). j

#

Therefore, they have systematic errors and the parameters in these correlations
have no statistical distributions and, can not be treated by statistical
analysis. Furthermore, there is a lack of data to determine standard deviations
of individual parameters. There is strong coupling between the interf acial and |

'

wall interactions. Therefore, it is not possible to isolate uncertainty
distributions or biases of parameters, based on downcomer flow tests. Therefore,
the effects from the deficiencies in the code models for the bypass phenomena
cannot be accounted for in the generation of a response surface and have to be
accounted for through a bias. |

The next section describes the important processes taking place during the j
'

Refill Phase and the division of this phase into four phenomenologically distinct
periods.

3.1 The ECC Evpass_ Phenomena
,
'

During LBLOCA, the system depressurites because of coolant loss through the '

break (s). Depressuritation causes vapor generation by flashing in the core, the
lower plenum, and the downcomer. The core e - les quickly while the lower
plenum and the downcomer continue to produce steam. Figure 3.1 shows a schematic
of plant conditions calculated approximately nine seconds af ter break. The t

'accumulators, which provide the bulk of the E00 fluids, start injecting cold
fluid in ther cold legs when the nystem pressure decreases below 40 bar. However,
initially, there is sufficient steam bwIng produced in the lower plenum and in
the downcomer such that none of the ECC fluid reaches the lower plenum.

Figure 3.2 shows the schematic of the plant cJnditions in the early part
of the Refill Phase. The accumulator flows have begun, but there is no
accumulation in the downcomer nor in the lower plenum since the ECC fluid
bypasses through the downcomer and out through the break. The lower plenum
inventory continues to deplete for a few seconds. As the rate of
depressurization decreases the steam production also decreases which allows some
of the ECC fluid to reach the lower plenum.

Figures 3.3, 3.4 and 3.5 show the progression of the transient. The lower
plenum and the downcomer liquid inventories are still depleting af ter 20 seconds
from the start of the transient. Around 24 seconds, there is some accumulation
in the top of the downcemer. Figure 3.5 shows a rapid secumulation of ECC in the
downcomer and the lower plenum as the steam flow in the dovgomer decreases. The
cold ECC fluid mixes with the steam in the downcomer and in the lower plenum, and
causes the steam to condense. As the Refill Phase proceeds, the rate of ECC

9
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i delivery increases.. eventually becoming equal to the rate of injection, i.e.,

y there is complete delivery.

During this Refill Phase the core is normally empty and the fuel clad is
heating up almost ediabatically. However, when the lower plenum is almost full,

.

as shown in Figure 3.6. the liquid enters the core and begins to quench the fuel
rods, leading to a peak in the clad temperature history. ,

1

,

3.1.1 Four Periods of the Refill Phase

The LOCA described above is summarized in Figure 3.7 which shows typical
time plots of the downcomer inventory, fuel clad temperature, rate of steam flow ,

'

from the lower plenum to the downcomer, and downcomer laventory during the
transient. The Refill Phase of LOCA begins at time ty, when the accumulator flow :

starts and ends at time tg. -nen the lower plenum is full. The duration of the !

Refill Phase is tyg. The clad temperature plot (Figure 3.7) shows that during |
'

the Refill Phase, the clad heated up almost linearly in time and the temperature
turn around occurred around time tg. !

l

The Refill Phase is divided into two periods: the Bypass Period and the j

Filling Period, as shown in Figure 3.7. The Bypass Period begins at time ti and |

ends at tims tA, and its duration is tIA. The Filling Period begins at time tA
and ends at time tg. and its duration is tag. The Bypass Period is further j

divided into two subperiods, namely the Period of Complete Bypass and the Delay
Period, as shown in Figure 3.7. The Period of Complete Bypass begins at. time = ti
and ends at time to and it duration is typ. The Delay Period begins at time to

The Filling Period is also dividedand ends at time tA, and its duration is tDA. ,

into two subneriods the Counter Current Flow Period and the No-Bypass Period,
as shown in Figure 3.7. The Counter Current Flow Period begins at time tg and

,
ends at time tE and its duration is tAE. The No-Bypass Period begins at time tE

! and ends at time tB, and its duration is tEB'

During the Bypass Period, tyg, the steam flow f rom the lower plenum in the
downcomer decreases. This period ends when the lower plenum inventory begins to ,

increase. The boundary between the two subperiods in the Bypass Pesiod is time
tp when the critical steam flow rate (Wge) is reached. The critical steam flow -

rate is the highest steam flow rate which will permit liquid delivery to the
lower plenum, provided the liquid injection is maintained for a long enough time

|. to reach the lower plenum. The critical steam flow rate is estimated from steady
|- state flooding curves for the PWR downcomer. The flooding curves are obtained
| f rom either full-scale, or properly scaled, experiments. A schematic of a

flooding curve is shown in Figure 3.8. The time to corresponding to the ccitical
steam flow rate is cbtained from the comieuted curve for the rate of steam tiow
f rom the lower plenum to the downcomer. A schematic of steam flow rate curve is
shown in Figure 3.9. During the complete Bypass Period, t p, the steam flow ratei

is higher than the critical steam flow rate and, therefore, there is no
possibility of 11guld d' very to the lower plenum.

During the Delay Period, tpA, the rate of steam flow into the downcomer is
ico enough to permit liquid delivery to the lower plenum. However, there is

a delay in 11guld delivery to the lower plenum equal to the time needed by the
liquid to flow down through the downcomer. This delay decreases with the
decrease in steam flow rate. This subperiod ends at time tg when the liquid

-13-



;

~!

|
'

i,

!

i

)

|

:

,

!
?

,

a

b

4 we 6. wL4

1"'.*u"m*
C J C Jwww- w ~wr"em

1 | !. .

<
4

4 4
. n,_. -

. ,...._,mm , _ . . _
'

*s.d O***. .': \p, ; * ; 1
|_

- }{ _ 2L.ag.R
|

_

I

Q'| ' {" ,

g' .-. - 1
' "- g- g-

see S.*
lie ut./S .- pw se tcc

sE

Figure 3.6 Expected Conditions in a PWR System at '

3? Seconds after Rupture (Shew, et al., !

1988) (BNL-1-367-90)

,

r

6

L

$

P

-14- !

____.____._______________.___._______________________..__________1___________ _ _ _ _ _ _ _ . _-__



t

;

-

,
.p'

, y q:_

~ P
P
N-_

So n~

Sg i3 OA, "n

Ar. NPYg C'
u Bp O:

h.
E :P L. BGt e

RT,
L. N EN

t I fTEL NR " o,

E L '
;S F URgI cA OUp iCCH _ t

P |
|'

- a, ~

L m- _

' Y.D e
,! N hD AO " cI

E O L R ' S.~ R R D PE E
E :

P m '7
St E - 3

T4,,. S
E. :A

eA * rP t

PP uY _

B _ MYg g
OBp i

C F, _

.

.

hB
b' -- p

'

/B B
B

E ' E A
I

t

y \ ,/ A _-
t

A N / 'A
_-

_ t

-
- / A

D I
ID t

/
s \ ,-

g
I t

_ %
#

-.
_

_

-

,

p w~ s o s
.' m s l

a
s,.

e a F
'

T M m M
da P a CeL Dl t

C S

eg'
_

,

'

- r -
-

;,|I l!il !i
|



W ^

%, %;_ -

; , -

-3b

Ngo

Flooding Curve
/2

-i

!

W ' , '1/2
g

Figure 3.8 Schematic of Flooding Curve and Critical
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Figure 3.9 Schematic of Steam Flow Race From the Lower
Picnum to the Downcomer in the NPP
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' delivery to the lower plenum begins. Such a dalay w s ' observad in CREARE.
(Crowley, 1987, 1988)- and UPTF (Wolfe, 1988a Damarell, 1988a) experiments.

.

The Filling Period, t g, is the period during which the lower plenum fillsA
up. This period ends at time tB when the lower plenum is full. The boundaryc

"

between the two subperiods is the time tE when there is no steam flow from the
_ lower plenum to the downcomer, as indicated in Figure 3.9. During the first'

subperiod, i.e. the Counter Current Flow Period, there is-liquid down-flow and
,

steam'up-flow in the downcomer. During the second or No-Bypass Period.. there is
no steam flow f rom the lower plenum to oppose the liquid down-flow and almost all
the injected liquid (some may be evaporated due to wall heat transfer) is
delivered to the lower plenum.

The next section describes the principles involved in estimating the bias
in PCT.

3.2 Princiole of Bian 2 stimate

During .the Refill Phase, tIB, the core continues to void and heat transfer
from the clad to vapor is small. The clad continues to heat up (almost

adiabatically) until the ECC liquid reaches the core as shown in Figure 3.7. Any

uncertainty in predicting t1B will result in a bias in the Reflood Phass PCT.
The PCT bias 6 PCT is estimated as follows:

6 PCT - (dT,/dt) * Br (3.1).a

are the average rate of clad temperature rise duringwhere dT /dt and 6tyg,cheatup and the uncertainty in the predicted duration of the Refill Phase,
respectively. The average clad temperature rise is obtained from the hot rod

Theclad temperature history precicted by the code- for the nominal conditions.
approach is similar to the method suggested by (Danmell,1988b]. Figure 3.7

also shows the-hot rod clad temperature-history. The average clad heatup rate
'during_the Refill Phase is computed as follows:

dT,/dt - (T, - Ta ) / (t r - ta ) (3.2)rr a

t', and tg. are the clad temperatures and corresponding timeswhere T '. T e, bB A
as shown~in Figure 3.7. The only variable that remains to be determined in
Equation 3.1 is 6tyg, which is the bias in predicting the Refill Phase duration.
Thus, the estimation of PCT bias is reduced to the estimation of bias in the 4

Refill' Phase duration. >

3.3 -Blan in Timi.g of Refill' Phase

The bias -in predicting the period of Refill Phase reduces to the biases in
The Refillpredicting the Bypass and Filling Periods as defined in Section 3.1.>

Period bias'is computed from the biases in the two perluds as follows:

-17-
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tgs - ^ tu + ta ,

'

(3.3)
i

bt, - bru + bta,g ;

a

|

1

where 6tIA and 6 TAB are the biases in the prediction of the Bypass Period and the ]
Filling Period, respectively. !

3.3.1 Blas in Timine of Evpass Period-

The net bias in.the Bypass Period is evaluated from the biases . in the
subperiods, namely " Complete Bypass Period" and " Delay Period,' as follows:

t
t

tu - tgo + tu , j

(3.4) ,

btyp - btgo + btm ,. ,

,

where 6typ'and Stp. are the biases in the ' Complete Bypass' Period and'' Delay.
Period, ' re ytetj- .

3.3.1.1 'Plas ~ 1n Timina of Cnmniete 3voans Period

The blae in this period is due to the uncertainty in predicting the
critical , steam ' flow rate for the NPP. The evaluation of bist requires the
determination of the critical steam flow rate f rom the data obtained f rom full-,

scale; separate effect tests in the Upper Plenum Test Facility (UPTF) under NPP
; conditions. . These -separate ef fects tests are simulated with the code, by using
|. - NPP-type nodalization. The predicted critical steam flow rate for this SET;will
p be the critical. steam flow rate for the NPP calculation. - The measured critical- |

steam flow rate-(W from the SET will be the actual criticalasteam flow 4

gc.act) act for tfie'b).-(W Any discrepancy-in the predicted and actual critical i
steam flow rates (W and Wgc.act) will Produce a bias in the ; code'prediction of the time,,pred The times-to and to, act . corresponding to.the

gc
to.z ,

critical steam flow rates W red and W .act, respectively are estimated from
thetimeplotoftherateoY'steamflowfromthe-lowerplenumtothe~downcomer
obtained from a reference NPP calculation,

t

The bias 6typ is computed as follows:u,
,

fp - t(Wy,gg) (3.5),

1

.T
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(3.6)t ,, - t ( Wp,m)o ,

s

e _j

(3.7)6tp-t,,-to.i o

- A schematic of computed steam flow rate curve with critical steam flow rates and
corresponding times is shown in Figure 3.9, presented earlier.

3.3.1.2 Blan in Timing of Delav Period
-1

_

This period spans from the time to to time tA. The time tg is the time at
L. which the icwer plenum inventory is the lowest and begins tn increase as shown

readin Figure 3.10. The time span for this period'is estimated from time tA.
from Figure 3.10 and time to obtained from Equation (3.5).

(3.8)193 - tg-to

The bias of this period is estimated by modelling with TRAC the full-scale
separate effects tests in UPTF with the nodalization corresponding to NPP and~
simulating the complete transient until steady state is reached for fixed steam
and liquid flow rates. Figure 3.11 shows a schematic of _ the expected lower

: plenum inventory in the SET and the delay tpg. The measured and predic delays
are compared and the difference between them is the bias in the Del Period. ,

As it is dif ficult to simulate the conditions in the NPP during the Delay Period,
to observed t for each steam flow rntea ratio, R of predicted tDA DA,expintheSET'isestimatedand'$redt 1s ratio is a measure of the deficiency in thet

,

[--
' code.

' '#^'#
-

S,nr * (3 9)
EDA.enup i n tr

the steam flow rate decreases in the NPP.During the Delay Period, tDA,
Therefore, an average of tL ratios (R ) obtained f rom the many tests for'the SETt
is used for the appilcation to NPP. Since the SET is properly scaled, an average ,

delay ratlo <R > SET estimated for the SET is'also applicable to the NPP. [t

.Therefore,

( 4 ) gyp - ( $ ),,,., (3.10)

1

-19-
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The' average delay ratio for'the NPP is used to estimate the bias in the.
~

Delay Period .

By, definition for.:the bias;in.the Delay Period.
~ (3'UY' : b tu - coa.act ~ CDA.pred '

By combining Eqs.(3.9) and (3.10), one finds

"''''*d (3.12)(Re),pp- .

.

UDA.act'

i

from Eqs.(3.11) and (3.12). one gets:By eliminating tDA,act

* "P# (3.13)-
~

6eM ' e ,prard { ge }ypp
*

DA

is the expected actualis the bias ~in'the Delay Period and tDA,act;where 6tDA
- duration of the Delay Period for the NPP.

3.3.2 -Eins in'the Timing of the Filling Period

The second part of the Refill Phase is the Filling Period which spans fromt
During'this period, the lower plenum fills up. slowly at:to time.tB.time L

first and then at the rate-of the ECC injection. The time tg is obtained from-A

is reached whenThe time.tB: Figure 3.11, as explained before in Section 3.3.1.2.is read from the lower plenum inventorythe lower ' plenum .is full. - The time tB The timecurve obtained' f rom' a. reference NPP calculation (cf. Figure 3.10) .
period' tag is ot,tained as follows:

(3.14)c - t, - c3 .y

' The steam flow into the downcomer decreases and completely ceases at time
divides the Filling Period into two phenomenologically

tg. :This time, tE,
different periods, namely' the Counter Current . Flow Period and the No-Bypass
Period. The bias in the Filling Period, therefore, is the sum of the t'ases in
the prediction'of two subperiods.

.

1

*

_
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From:

* 1,-tag _ + tss o2

and component-biases, the overall bias is computed as follows: (3.15)
.

bts, - brag + b ts, , >

where 6tAE and 6tEB are the subperiod biases for the Counter-Current Flow and No-
Bypass Flow Periods, respective 1y..

3.3.2.1 Bian in the Timine of the Counter-Current Flow Period

This period spans from time tA to time tE. The time tE is obtained fre
-the predicted steam flow rate curve shown in Figure 3.9. The duration of this

_

j
. period is computed,as follows: 1

1

tAE * fr - t, (3.16) J

,

The bias in the. Counter-Current Flow Period is due to the uncertainty in
predicting the: amount of the ECC delivered to the lower plenum. The more the ECC <

fluid accumulates during this period..the shorter will be the Filling Period.
'

The downward ECC flow in the downcomer depends upon the steam flow rate from the
.,

lower plenum and the interfacial mass and momentum transfer in the downcomer.
.)

The discrepancy between the predicted and measured lower plenum filling .i

rates , 6thnp, .is defined via the ratio <R;gp> of the predicted (inLP,pred) and |actual-(mLP,act) filling. rates, as j
followst'

|
|
1

SMg - Mu,en - Mu, red (3'17) ]

1:

|

(R glyer,,,- A ,,s/(Mg ,,,,s + o s ) (3.18)a g a .

From the discrepancy in the filling rate one . computes the bias in the |

predicted duration LAE; Figure 3.10 shows the times and the corresponding lower
' ' plenum. inventories for this period. The filling rate discrepancy will lead to |

the bias in the time period for the Ccunter-Current Flow Period to achieve-the -!
.same: inventory in the lower plenum in both the reference NPP calculation and the .j
NPP.

mmt-mu,A - M u.ned * IAE (3*19)
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o

<

- (Mu.pd + OMu) ' ''' IfAr + Of r) (3.20) !
A

a

- where mLP, A' and mgp,g Tre the liquid . inventories in the lower plenum at times tg -
-and~tE *. . respectively.

)
,

.

'

is obtained from Equations (3.16), (3.17), (3.18), and (3.19)The bias 6tAE
-and is1shown here:

(3.21)ST r . - (( Re )nrr, As - 1) *fr .

A a

y

The prediction:of bias in the Counter Current Flow Period is reduced to the- )
'

This ratio-is obtained-from the full-scale
estimation of ratio <Pfgp>NPP'cilities (UPTF) for the downcomer flows measured jAE.
Separate Effect' Test (SET) fa
under conditions as expected in the NPP during the Counter Current Flow Period.
Since there is no scale distortion in UPTF, one gets

( R e )yre,ag - ( R e ) m (3.22) )
.

The ratio <Rggp> SET is obtained by modelling with the code the teste previously |
conducted in the SET facility (UPTF) and by computing a set of ratios of
predicted over measured lower plenum filling rates.

Re - ri'u ya/Mu.- (3.23) ;
y

An average of all the ratios -(Equation 3.23) in the set is computed according to
~

Equation-(3.22) and this average ratio is'appli:6 to compute 6tAE according to
.

Equation (3.21).

3.3.2~.2~ Rias in'the Timing of No-Bynass Period

The~ No-Bypass time Period is the last period (tEB) of the Refill Phase and
begins at time tE at which time the steam flow into the downcomer ceases and ends

' is cotained from Figureat time tB when the lower plenum is full. The time-tB
.3.'10 as the intersection of the-TRAC predicted mgp(t) curve with the horizontal
~line corresponding to (mtp) full. The. duration of this period is computed as
follows: ,

(3.24)I , - t, - tr ;g
i

The'blas in this period is due to the bias in predicting the lower plenum filling
rate or the arror in predicting the distribution of ECC fluid between the lower _

plenum and the downcomer. The steps to estimate the uncertainty in the duration
~

A ratio <R bP> of theof-this period are the same as in the previous section. in

!
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predictcd snd tht cetusi lower'plGnum filling rates is computsd cnd it is usod
to estimate the bias in tEB . -

bt. ra - (( Re )nrns - 1) *t, -(3.25) ..s ,

where : the' ratio <R ,tp>NPP lo obtained f rom properly scaled or full-scale -A
. Separate Ef fects. Tests with.EB. conditions similar to the conditions expected in NPP

|for No-Bypass Period.

(Re )yf,ns - ( Re )str (3.26).

i
3.3.3 Total Blas in the Refill Phagg

'

The biases estimated in the Sections 3.3.1 and 3.3.2 are added to provide
the bias in the Refill Phase,

,

btjy - btyp +
'

bl ,+ btgg + btgg (3.27)y .

i

Tl e. total bias 6tyg estimated in Equation (3.27) is used in Equation (3.1)
to estimate the bias in PCT.

3.3.4 Re.q11 red Information for Aeolication
.r

Application of the procedure developed in the previous sections (Sections
3.3.1 to 3.3.3) requires information from the nominal NPP calculation and from
f,ITs for ' the downcomer flow. The in Srmation . needed and its source are
summarized heres.

ty Time of ECC In%ct' a NPP Calculation / Accumulator Flow
to (Wge) Time of Critical Steam Flow NPP Calculation / Steam Flors from -,

LP to DC|

|. tA. Time of Lowest LP Inventory NPP Calculation /LP. Liquid
| Inventory-

_ .

LE Time of End of Steam Flow NPP Calculation / Steam Flow from
DC LP to DC i

tB Time When LP Full NPP Calculation /LP- ~ Liquid
P Inventory

dTc/dt : Rate of Clad Temp Rise NPP Calculation / Hot Rod Clad
,

Temperature History-
W Critical Steam Flow Rate Calculation / Stand alone DC with 'gc

Fixed ECC and Steam Flows
W Critical Stean. Flow Rate, SETgc.exp

Exp a
"

R , SET Retio of Delays From SET SETt
R .P. SET . Ratio of Filling Rates From SETidp

SET

..

-24-
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The information from the SETS is used for evaluating the bias in the timing-
0

of|theLRefill Phase.

3,4 AnolicationE

The methodology developed in the previous section. is applied to the
TRAC-PFl/ HOD 1~, Version 14.3 calculation of a LBLOCA for a four loop Westinghouse
plant. :This section describes the numerical evaluation of Equations (3.1), (3.2)
and_ (3.27) to obtain the bias in che predicted PCT due to the uncertainty in the
code modelling of the Refill Phase.

;3.4.1' Euneriments for Euttmatino Blan

The evaluation of the bias in the Refill Phase timing requires a comparison
of the code predictions with the data from well-scaled or full-scale test

These testsfacilities simuisting the downcomer flow during the Refill Phase.
are identified in Step 8 of the CSAU Meth-dology (Section 1.2.2).

There are two types of facilities which simulate the downcomer flow during
the Refill Pease. They are: Integral Effects Test (IET) and Separate Effects

scaled with power to volume scaling
Test (SET). The IETs, such as LOFT, are

. While preserving the time scales and the mass andmethod [Zuber, et al. ,1990) . The downcomerenergy distributione, such scaling distorts the downcomer flows.
in the IET has narrow gaps and therefore, does not accurately simulate the flow
regimes rnd counter-current-flow.

The SETS are designed to overcome the scale distortion in the downcomer in
The downcomer flow phenomena are affected by geometry such as that ofthe IET.

the. annular gap, the arrangement of co'd legs, and by wall heat transfer, by rate
of_ steam flow from the lower plenum to the dewncomer and the ' emperature and
flow rate of the ECC fluid. These conditions are easily controlled in the SETS.
The procedure _ for bias assessment (described in Section 3.3) needs three

from the steady state tests
t SET-and RmLP. SETwith constant steam flow an[ R injection rates. These parameters can only be:-empirical parameters W

~

gc.e*
ECC

In the nextobtained f rom SETS and therefore, only SETS will be considered.-
section, the available SETS for the downcomer flow are described.

,

3.4.1.1 Available Data

A search through the literature indicated that the data f rom five sub-scale -
experiments and one full-scale experiment were available.- The dimensions of
these faclities are listed in Table 3.1. In this table, the first column lists
the type of dimension - the second column indicates the size of a typical PWR, and
the remaining six pairs of columns-list the actual dimension and the ratio of
these dimensions to the corresponding dimensions of PWR, for toe six SETS used,
i.e., the Upper Plenum Test Facility (UPTF), CREARE (1/5), Battelle Cclumbus.
Laboratory (BCL) tests (2/15), BCL (1/15), CREARE (1/15), and CREARE (1/30)
respectively. All the f acilities had f our cold legs'. Three of the cold legs had
injections, and the fourth _ cold leg represented the break. The UPTF

-[Siemens/KWU, 1987 Liebert, 1988) is a full-scale test facility. The subscale
1977, 1979, 1980, 1981: Cudnik, et al., 1977.,test facilities [Crowley, et al.,

1978) covered variations in the steam or air flow rates, ranging from no liquid
delivery or complete bypass to full liquid delivery.

-25-
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Table 3.1 - Geometrical Parameters for Test Facilities ***

UPTF CREARE (115) BCL'(2/15) BCL (1/15) CREARE (1/15) CREARE (3|30)
| PWR ACTUAL SCALE * ACTUAL ' SCALE ACTUAL SCALE. ~ ACTUAL SCALE ACTUAL SCALE. , ACTUAL ' SCALE

VESSEL 4.4m 4.87 1.1 0.89m 0.2 0.618e 0.14 0.307 -0.070 0.292m 0.066' O.1523 0.034
i DM
I

|- DC. GAP 0.26m 0.25m 0.96 0.038m 0.146 0.031m 0.119 0.015 0.058 0.0126m 0.048 0.0064m 0.025

DC. HEIGHT 5.33m 6.64m 1.25 1.37m 0.257 0.82m 0.153- 0.521 0.096 0.46m 'O.086 - 0.229m 0.043

[ LP. DEPTH 1.94m - 2.48m 1.28 1.52m 0.783 1.022m 0.526 0.508** 0.262 0.86e 0.443 0.528m 0.272
cn
' 3 ' 24.9 0.84 0.94. 0.032 0.302 0.010 0.038** 0.0013 0.058 0.0019 0.0096 3x10'''LP VOL.m 29.6

COLD LEG 0.74m 0.75m 1.01 -0.152m' O.21 0.102m a .14 0.053 0.072 0.0476m 0.064 0.076m 0.1
DIA

D 0.168 0.154 ---- 0.168 0.165 ----- 0.173 ------ 0.163 ------ ------ 0.5 'CL/D -----

Scale is the ratio of the dimension of the facility and the dimension of FWR.*

Dimensions are taken frori sketch (Fig. 1. EMI-1941. November 1975).**

Data obtained from Crowle; . . et al. (1980) .***

. -
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The subscale f acilities wsra scalad 'with tha linsar scaling method [2ubar,
et al. .1990) . _ The gap size, vessel diameter and cold leg.diamter were linearly
scaled f rom the PWR'as shown in Table 3.1. However, the downcomer height and the.

lower. plenum depth were oversized. There .f acilities are not similer and do not
model the same flow phenomena. Three flow regimes (Richter,1977: Liebe rt ,1988 )
are possible in the downcomer during the counter-current flows f alling flims on

;the wall, bridging of the.flims with liquid globules and flow of ECC as column ,

below intact cold legs in the downcomer. These flow regimes are dependent on the
physical dimensions of the downcomer. The first two flow regimes have been

.

observed in the subscale f acilities, but the third flow regime has only been
observed in the UPTF [ Appendix A) . Use of subscale test data for bias evaluation
will introduce uncertainty in the bias due to scale distortion.

The TRAC code does not have constitutive package to represent the flow
re gi,ca s expected in the downcomer and it is impo 91ble to estimate the
uncertainiy due to scale distortion in the bias by_ ming the code. As an
illustration sof the uncertainty due to scale distertion, four of the SETS-

of'{Neymotin et al,1988) were modelled with the TRAC code and the ratios (Rjgp)
lower plenum filling rates are shown .in Figure 3.12. ' The TRAC code overpredicts
the LP filling ; rate for smaller f acilities and underpredicts for the larger
facilities. The code is conservative for the larger f acilities. Therefore, an

.

estimate of bias (Equations 3.21, 3.25, 3.27) in the timing of the Refill Phase. I
I

on the baois of the above smaller facilities can lead to both a small reduction
Iand an increase in the timing. The uncertainty in the bias in the PCT due to

scale distortion of the SET could make - the bias conservative. However, a i
!definite conclusion could only be reached on the basis of the full-scale UPTF.

data.

Fortunately t he. data from a full-scale facility, such .as UPTF, are
available and the estimate of bias on the basis of this data will not have
uncertainties due to scale distortion. UPTF data are used below in estimating- |

J the bias.
'

3.4.1.2 UPTF Eroeriments

The procedure described in Section 3.3 requires data from Separate Ef fects
Tests. The full-scale data are available from the Upper Plenum Test Facility
.(UPTF) and the biases are evaluated on the basis of UPTF data only. However,

only five UPTF data points . are available which precludes any. statistical
analysis.

Appendix A describes UPTF Test 6 and the precedure for analyzing the data.
These tests' were modelled with TRAC-PF1/ MOD 1, Version 14.3 with the same
noda11tation as for NPP analyses. The description of the nodalization and the
input deck listing are given in Appendices B and C. respectively. The results

-of the' TRAC model of the UPTF Test 6 runs have been analyzed in Appendix D. The

results from Appendix A and D for five steam flow rates are summarized in Table
3.2. The first column indicates the run numbers, and the second column provides
the steam ' flow rates. The next four columns (3 to 6) list the lower plenum
' filling rates, the time of injection, the time at ' which the lower plenum
inventory begins'to increase, and the delay in the delivery of ECC to the lower
plenum. . The next four columns (7 to 10) list the predicted values of the-lower
plenum filling rates, the time of injection, the time at which the lower plenum
inventory begins to increase, and the delay in ECC liquid delivery to the

-27-
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:Tabis. 3.2 -- Sumary of UPTF R3sults (Tast 6)
,

E X P'E R'I M E N T TRAC.
.

'Run W 4p ty - tA tIA UPTF kP LI tA tyA,gpyy Rftp . Rt

. k!/ s : kg/s s s s kg/s s a s

131 400 419 .43 49(54) 6(11) 0 43 m = 0 m

'.132 30'O 840 43 52 9 199 43 63 20' O.24 2.22
,

133 200 699 43 50 7 360 43 59 16 0.52 2.29

0 43 #- # ---- ----

135- 440 >0 43 ------ -----

136. 100 644 43 45 2 512 43 50 7' O.7 '3.50

< Rg p > = 0.52 (Runs 132, 133, 136)

<R NPP>
= 2.67.(Runs 132, 133, 136)

t

|

L
-

i

l

i

I

f
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low 3r picnum. ~ The last two columns indicato the ratios of th9 prsdicted and the
,

i ! measured lower _ plenum tilling rates and. the ratios of the predicted and the
measured .. delay-. in the delivery of ECC f1stid. these ratios will be used 'to
estimate the bias in PCT.( 1'

In addition to the experimental. data and code predictions for the UPTF
tests. one also needs results from the ref irence . NPP calculations, .namely
accumulator flow rate (Figure 3.13), lower plenun liquid inventory (Figure 3.14),
rate of. steam flow from the lower plenum to the downcomer (Figure 3.15), and hot I

rod clad temperature-(Figure 3.16). The next section describes the application
.of the procedure developed in Section 3.3 and the available UPTF data described
in this section.

-

,

3.4.2. Evaluation of Big 313

Figure 3.13 shows the accumulator flews in one of the intact loops f rom the I
NPP calculation carried out with TRAC-PF1/ MOD 1, Version 14.3. The flow begins
at 11.5 seconds, which is the beginning of the Refill Phase.

If - 11. 5 s ( 3 ~. 2 8 ) . j

i

Times tA and.tg art ;ead f rom Figure 3.14 which shows the lower plenum
inventory from the NPP calculation.

13 - 22.9 3 (3 M)

and
-

,

t, - 3 3 . 5 s (3.30)

The times obtained from the NPP calculation delineate the subperiods in
the Refill Phase and will be used to estimate biases in the subperiods.

3.4.2.1 Blan in the Timino of t%c Comnlete Evoann Period
l- s

| '
critical steam flow rate (Wge) and is evaluated f rom Equation (3.7) . Full-scale

'the- bias in this period is due to the uncertainty in predicting the
;

data are available from UPTF Test 6 as shown in Table 3.2 where Column 2 shows,.

! the steam flow rates and the Column 3 lists the lower: plenum filling rates. The
L highest steam flow rate reported is 440 kg/s for Run 135, and there was liquid ,

' delivery to the lower ' plenum for this run. This observation implies that-a '

complete bypass will take place at an even higher steam flow rate. From the
.

available data one can only conclude
t

V,c,ung,,,, > 4 4 0 kg/s (3.31) !
1

.
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The:criticalLsteam' flow rate Wge NPP:for the NPP w111 be larger then for-|| any|UPTF run reported ln Test 6 because the ECC subcooling and ECC injection-
_

L
-

'

-rate in UPTF Test 6:were lower than in the NPP prediction as s';own 1n Table 3.3.
. ~

These differencesiimply that there.is1a larger condensationEin the NPP, and a
larger steam tig rate will be needed for complete bypass in the NPP than in the,
'JP;F Tert 6. Therefora,

Wre,NPP > W .UPTT.exp ( .32)
re

a lower bound for
i For a conservative estimate of the bias in the PCT,

is chosen f rom Equat. ions (3.31) and (3.32):Wgc,HPP

W,,,g,,,, - 4 4 0 kg/s ' (3.33)

The time to corresponding to the critical steam flow rate in Equation-

(3.32) is obtained from Figure 3.15, which shows'the steam flow rate from-the
lower plenum to the downcomer, ao obtained-from the NPP calculation.

To - 17 . 5 3 (3.34)

The actual value V of the critical steam flow rate will be higher
than given in Equatien ("ec.NPP,act3.33) and, as shova in ?3gure 3.14, the steam flow rate
from the lower plenum te the downcomer dects.xses muccionically with time. 'The-.

time, tD,act corresponding to Vgc NPP,act vill occur earlier than to, i.e.,

(3.35)Nhe.Nic.en> Nhc.Nrp ,

Therefore,

(3.36)t , ,, < fDo .

The bias in the Bypass Period-is obtained f rom Equation (3. 7), which gives

(3.37)6tfo - r ,,, - rp<0cs .o

The bias 6typ'is negative because-of Equatien (3.36) and can only reduce
tha refill time period t g,'and the PCT. Thetefote, a conservative estimate isi

,
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. Table.3.3:-'Compa'rison Between;NPP and UPTF.(Full-Scale Facility) Conditions

NO. ' CONDITIONS' NPP UPTF.

1- -STEAM FLOW- FROM FLASHING IN LP FIXED FLOW RATE.

LP To DC' DECREASING WITH TIME

2 SYSTEM. PRESSURE DECREASING INCREASING

3 BREAK FLOW RATE DECREASING INCREASING l,

4 ECC SUBC00 LING HIGH (~90'K) LOW ('50'K)

-5 ECC FLOW RATE HIGH (~2500 kg/s) LOW (~1500 kg/s)
,1

'6 COLD LEGS OPEN LOOPS LOOPS CLOSED AT ].
PUMP SIMULATOR i

7 NUMBER OF ECC FOUR THREE, NONE IN
INJECTION BROKEN LOOP

s

t

.

i

|

N' , ,
;-

|' r

|(
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,

of , e 0.0 s .. (3.3a).
f

3.4:.2.2 Blan in the Timine of the Delav Period' ~

The duration tDA of the Delay Period is obtained from Equations (3.29) and-
'

(3.34)

fu - 22 . 9 s - 17 . 5 s - 5 . 4 3 (3.39).

The delay ratio (<R >ypp) is obtained f rom Table 3.2 by averaging the lastt

'three values of R in the last. column.t

( R, ),,, - 2 . 67 (3.40) !.

The bias for:the Delay Period is estimated by substituting Equations (3.39)
and (3.40) into Equation (3.13). The result is j

o rpa - - 3 . 4 s . (3.41) !

3.4.2.3 Blas-In the Timine of the Counter-Current Flow Period ,

The timeto time tE.The Counter-Current Flow Period spans from time tA
tg is obtained from Equation (3.29). 'The time LE is read from Figure 3.15 and
is: ,

. . ,

'

(3.42)-fr .23.4 s .

,

f
The duration of this period is

tag - tr - fA - 23.4 3 - 22.9 s - 0.5 s (3.43) .
.

,

The filling rate ratio, <Rgp>NPP,AE. for the NPP is obtained rcom. Table !

3.2 by averaging the last three values of Rg p>LP in the eleventh column. .

( R u' Iurr. Ar - 0. 52 (3.44).e

-!

'i
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The' blas,1s. estimated by subitituting Equations (3.43) and (J.44) into
'

Equation (3.21), and the result is

8t r - -0.24 s (3.45)A .

"
3.4.2.4 Blas in the Timine of the No Bynass Period

.The No-Bypass Period spans from time tE to-the end of the Refill Phase at
time tg. . The times tE and tB are obtained from Equations (3.29) and (3.42). -

The bias in this period is due to the discrepancy in predicting the lower plenum
filling rate. There are no data available at low steam flow rate cases and,
therefore, an estimate of the bias is made on the basis of UPTF data listed in
Table 3.2. The eleventh column shows R ' LP the ratio of the predicted tom j

measured lower plenum filling rates. The tren'd in this column shows that this i
ratio increases with the decrease in the steam flow rate. The-values of the

,

ratio (Rs,Lp) were extrapolated down to zero steam flow rate and it is assumed i

that this value is applicable to the NPP. Therefore:
I

( &,u' Imi'.as - 0. 87 (3.46).

As the extrapolated value of the <Rg Lp> is less than 1.0, the code-
underpredicts .the filling rate and therefore, ,it is conservative. This ratio is
substituted into Equation (3.25), and the f ollowing - e s tima te of the bias is
obtained:

6tz, < 0.0 s (3.47).

t

(' Therefore, a conservative estimate of the bias for the No-Bypass Period 18:
.

|;

(3.48) 1;

otra - 0 . 0 s .

3.4.2.5 Total-Blas in the Refill Phase
l'

The bias in the duration of the-' Refill Phase (6tIB) is obtained by
. substituting Equations (3.38), (3.41), (3.45), and,(3.48) .into Equation (3.27).i .-

6t, - -3.64 s (3.49)i
.

4
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L3.4.2.6 Blan in PCT
'

.

The Bias. in' the PCT is obtained f rom Equation:(3.1) . The clad heat up rate-
(dT /dt) is estimated f rom Figure 3.15, which shows the clad temperature history i

c
- for the hot rod from the reference NPP. calculation. The~ result is'as followsi.

dT,/dt - (83.3 K) / (33. 5 s - 17. 5 s) - 5.2*K/s (3.50).

The-bias in PCT due to the deficiencies in the code _in modelling the ECC
. bypass phenomena is estimated by substituting Equations (3.49) and (3.50) into
Equation (3.1). The final result is

i

- 6 PCT - - 19 * K (-3 4 * F) (3.51).

- 3.5 conclusions !'

t

A procedure has been developed to estimate the bias in the PCT due to the
deficiencies in the code modelling of the important processes, numerics and
nodalization affecting the bypass flow phenomena in the Refill Phase. of the ;

LLBLOCA. The estimated bias in PCT is -19 K which implies L tnat the ' code
overpredicts the PCT and is conservative with' respect to'the bypass phenomena.

. as divided into four phenomenologically different-The Refill Phase w
perieJs.~ The larges;. contribution to, the bias is from the Delay - Period
(-17.)'K) during which the BCC it accumularing in the cold legs and the downcomer
region of the reactor. The Counter Current Flow Period was surprisingly small
(0.5 a) and contributed only -1.3'K to the total bias in PCT. The most important
parameter during the Delay Period is the critical steam flow rate. Since the

|- available data for determining this critical steam flow rate is sparse, more data
is needed..particularly at the high and low ends of the, steam flow rate range. ;!

_

-

Furthermore, additional test data are needed to provide a meaningful statistical
'

| analysis.

I,

1

.
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AND RESULTING PCT BlAS4.. LACK OF MODEL FOR DISSOLVED N2

is-a non-condensable. gas which is present in the accumulators!in the'

. =N2- form of a free gas abo _ve the ECC liquid and dissolved in the liquid. During an
LBLOCA, as the coolant. flows from the accumulators to the, low pressure regions
of the cold legs and the downcomer, the dissolved N2 emerges from the solution.
This dissolution of.the'N t2 will affect the hydrauljes of the coolant through-

influences on system pressure, break flow and- condensation processes during .the -
_

_

Refill : Phase and,'thus, also influence the reflood PCT. The TRAC-PF1/ MOD 1',
-

Version-14.3 code, which is being used here to simulate LBLOCA, does not have a
model for dissolved N2 and, therefore, cannot account for its ef fect on the PCT.
The' lack of a model for an important phenome.non is a systematic error or
deficiency in the code and will bias the code prediction. The bias in the

predicted PCT is estimated here through a separate calculation.

The next five sections describe the effect of the emerging N2 on the
thermal hydraulic behavior of the Refill Phase and a procedure for estimating the
bias due-to the lack of a dissolved N2 model in the code.

4.1 Effect of N,j on the Refill Phase

The accumulators have ECC liquid in equilibrium with N2 in the gas space
at a pressure of 40 bar. Therefore, there is dissolved N2 in the liquid of the
accumulators. During an LBLOCA, the system pressure decreases rapidly. When the
primary system pressure drops below 40 bar, the ECC liquid-begins to flow from

.the accumulators to the cold legs and eventually to the downcomer and the lower
plenum. As the cold leg pressure is lower than the pressure in the accumulators,
the solubility of the N2 in the coolant is lower in the cold leg than in the
accumulators. This-drop in the solubility will cause some of the N2 LO ***fB'
in the cold legs and in the downcomer. However, the amount of N2 emerging in the
cold legs will decrease as the N2 solubility in the accumr.lator decreases during

The N escaping f rom the ECC in thedepressurization of the accumulators. 2
accumulators collects above the ECC level in the accumulators.

The presence of the emerging N2 in the primary system will lower the system
depressurization rate by reducing the condensation rate through a decrease in the
interf acial heat transfer rate, and by increasing the gas volume. This reduction
in the system depressurization' rate extends the time the system remains at high
pressure and, therefore causes a higher break flow ra, s a lower rate of safety
injection and lower accumulator flows than in the situation without N .- The2
' additional volume of N2 will also cause coolant from the cold legs and upper
'downcomer to become displaced to the lower downcomer and finally-to the lower
plenum. There are two competing effects. The reduction of ECC flow and the
displacement of the ECC liquid from the cold leg and the downcomer to the lower
plenum, and the influence of the N2 on the PCT will depend on the relative
strengths of these two ef fects. The analysis for predicting the expected amount
of N. 2 and its effects on condensation and ECC flow rates in the NPP is described
in Appendix E.

The remaining four subsections describe the procedure for using the
information generated in Appendix E to estimate the bias in PCT.

-41-
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4.2L/Princinle~of Uncertainty Ent4== tion'

l' , 1
. .

The principle here is the same as that described in Section 3.2. The bias
L :

I -in PCT'due-to the' omission of modelling_ dissolved N effects is estimated byn 2

| -- ' first computing the> bias in the predicted duration' tIB of the Refill: Phase'due: t

H. Next, the bias in the time period is converted into a bias indj' =to dissolvf 2 '

PCT, by multiplyirg.the time bias with the average time rate of temperature rise
f, Nf the hot rod cla3 during the Refill Phase (Equation 3.1). Thc refill duration s

1 t'lB is computed from the time at'which the ECC-begins'to the time at which the ,

lower plenum is; full' as shown in the Figure 3.7. The clad heatup' rate is i

obtained from the code-predicted clad temperature history:

The PCT bias arising from the omission in TRAC-PF1 of the modeling for N2 effects |

1s, therefore: |

,

bPCT,= dT' b t,g,y, (4' 1) ju ,

d dT /dt are the bias in the Refill Phase duration and the cladwhere 6tIB,N
.heatup rate,2.anrespectively,

c
L
t- The approach taken here consists of the following four steps, using the-

nominal NPP calculation:

1. Estimate the amount of N2 which would have emerged if the code had
a model for dissolved N '2

': 2. . Estimate the effect-of the N2 on the condensation process.
1 :

3. Set.up a separate model.for the reactor (vessel,. steam generators,
pumps and pipes), and the broken and intact loop accu" ators to --

estimate the system pressure and the new ECC flows (as amulator ,

n
flowsL and' safety -injection rates) during the Refill Phase in the *

L
presence-of-N ' _'

2

d. Compute ' the effeet ofLnew.ECC flows ' on the : timing of the Refill.
Phase.

1: 1L
D = The bias in the Refill Phase duration is computed via the timings estimated i

; from aEseparate calculation and obtained from the nominal NPP calculation.

4.3 ' Estimation of N2 M deling Blas'in Refill Phase ,

i: The procedure is that used in Section 3.3. The Refill Phase is divided f
into two periods, shown in Figure 3.7. The first-period, tIA. is the Bypass. -|

Period. and the second period, TAB, la the Filling Period. The ef fects of N2 On
these periods are summed to yield the-bias in the Refill Phase.

.

i '1
'

o.
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L

Org,y, = Oly,y, + bhsg,y, (4.2).g

'

' 4 . 3 .1 - Blan-in the Timino of the Evnaan Period

This period consists _of two distinct subkperiods, namely, the Complete
Bypass-Period and the Delay Period, as described.in Section 3.1.

The bias'in this period tyg is computed from the estimates of the biases
in the sub-periods,t p and tog.i

bf ,N, * bIJD,N, + BID / V . (0'3)M s

4.3.1.1 Bian in the Timinn of the Period of Cn=nlete Evnaan

The time (ty) of the initiation of the accumulator flow is not affected by-
dissolved in~the ECC.- The critical steam flow rate, which is the maximum'h2 .

steam flow rate at whicht there is ECC delivery to the lower plenum if sufficient.
time is available, changes in the presence of the N2 and this affects the tim 3
(tD.N ) at which the Period of Complete Bypass ends.

2

is estimated from the steam flow rate-curve obtained fromThe time tD.N2
the nominal NPP calculation. This curve is shown in Figure 3.15.'

t ,y, - t( W ,,y,) (4.4)o

to - f ( W,) (4.5)

whi W and Wge N2 are critical steam flow rates without and with N2 present.ge
The duration 'of this peric,d with and without the presence of N2 and-the bias are:
-estimated as follows:

-(4.6)t o,y, - t , y, - tgi o ,

(4.7)typ - to - tg
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s.

and.
(0*O)bIID.Ns * IID.N, * IID *

is the bias in the Complete Bypass Period due to the dissolved N2.where 6 TID,N2
effect;i,

|

4.3.1.2 Rima in the Tim 4** of the Delav Period
|

During the Delay Period, tog, the steam flow rate is less than the critical
steam flow rate and there is accumulation of ti.e ECC in the downcomer and the
cold legs. There are two opposing effects of N2 on this period. . The es'erging
2 will displace the liqed.d and will push liquid into the downcomer and also intoN ;

the lower plenum. This effect will tend to reduce the time span of the Delay j

p Period and therefore, the duration of the Refill Phase and the PCT. The second (
is to slow down the depressuritation rate and therefore, reduce |L effect of the N2the ECC flow rate (accumulator flows and safety injection). A reduction in ECC j

'

L
flow rate will cause an incter.se in the durations of the Delay Pniod and Refill

is the sum of the biases due to these twol Phase, and in PCT. The bias in tDA
effects.

|

ofu,y, - or ,1,y, + otu,,,y, (4.9).m

t

'rhe first of the two biases of the right hand side of Equation (4.9), -

is due to the ef fect of N2 on the accumulation of the ECC in the
,

| 6tDA 1.N, ,

downc,omer f or the same ECC flow rates. This bias is estimated f rom a ratio
<R .th> of the code prediction of this time period, with and without the presence ;

tof N , f or same ECC fir-f rate and NPP conditions. The ratio is called the delay
'

j, 2
ratio. ;

:

" ' ' ' #'(Q)- (4.10)
.

fu

|

|

The bias, 6tpA,1,y2 is related to the delay ratio in Equation (4.10) as follows.

o fu,1, y, - Im ,1, y, - tu (4.11)
i

r

h
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qe ,

- tm * [( R,, , ) - 1} (4.12).

The second bias 6tDA 2.N, of Equation (4.9) is estimated frort the retto
RECC of the ECC flow rates in the NPP calculations with and without N . It is2
assumed that the ratio of the rates of '.he ECC accumiilation in the cold legs andr

the downcomer with and without N2 is equal to the tatio of the rates of ECC flow ,

rates with and without N *2

'CCR,cc
N (4.13)

ECC,N,

l

'W (4,14)-
.

-

.

M (DC+CL1. Ns

1

where 6tCC.N and .\CC are the ECC injection rates with and without N, and2

hi(DC+CL) t hith an(d without N 'a$id in DC+CL) are the rate of ECC accumulat.on in the cold leg and they
downcome 2

The second bias is then computed by assuming that the amount of accumula-
tion requited in the downcomer and the cold legs, which will lead to the delivery
of the.ECC to the lower plenum, is the same with or without N . Therefore,2

(4'15)o r , , , y, - tm (R,cc-1)m .

;

'7he bias for the Delay Period duration is obtained by adding the biases
frca F uations ;. 12 and 4.15.4

4.3.2 Blas in the Timing for the F1111ne Period

This period begins with the initiation of the recovery of the lower plenum ,

inventory at time tg and ends at time tg when the lower plenum is full-as shown
in Figure 3.7. '

The major effect of the N2 is to slow the depressurization rate and to
decter.se the rate of ECC flow. Any decrease in the ECO flow rate will extend the
duration.of the Filling Period. Therefore, the bias in the Filling Period due
to the absenc' of a model for dissolved N2 will be positive. This bias is
estimated f rom the ratio of the predicted ECC flow rates with and without .N '2

.The assumption here is that the ratio of the lower plenum filling rates, with'and
without H , is equal to the ratio RECC of the ECC flew rates. The bias in this2
period is computed from
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.c

Of s,N (4.16)* f s,N, - fuA A ,

3

,

where-

"'8~ "'dfy - (4.17),

$w
,

mu,a - my,4 (4.13) |
f43,Ns ~ * |

gU. N,

i

1

B are the lower plenum inventories at times tA and t ' |.and where mtp, A(and mLP'he average lower plenum Filling Rates during the Filling
B

'and' (p,y7 and p are t
Period with and without the presence of N , respectively. The lower plenum '|2 '

filling rates are estimated from the ECC flows as follows:
1

Macc (4.13)
Racc ~ gECC,N,

'
,

,

;

.

s

Mu (4.19)
,,

hv.Na i
y

|

~

The bias in the Filling Period is computed from the ECC flow rate ratio i
'

tg obtained froin the. NPPRECC and the duration of the Filling Period A
calculation.- An expression for this bias is obtained from the manipulation of
Equations (4.16) to (4.19) and is-

('''6tu,y, - ta, * (Rrec - 1) -
1

1

4.3.3- Total Blas in the Timinn of the_gglill Phase

l

The total bias in th t, period of the Refill Phase is obtained by |

substituting the biases for the thrse perleds as given by Equations (4.8), (4.9), j

and-(4.21) into Equations (4.3) and (4.2). The bias in the PCT due to the lack i

!af N2 m delling in the code is obtairied from Equation (4.1).
|

i
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4.4 A m11 cation

The procedure developed in the previous section is applied to the
TRAC.PF1/ MOD 1, Version 16.3 prediction of PCT for a LBLOCA in Westinghouse four
loop plant.

The procedure requires nominal NPP calculation results for accumular flow
rate, lower plenum inventory, rate of steam flow from the lower plenum to the
downcomer and the hot rod clad temperture history. These results are shown in
Figures 3.13, 3.14, 3.13, and 3.16 Beside the nominal NPP calculation the
procedure also needs values of critical steatn velocity (Wge y ) in the presence
of N , of the delay ratio <R .th>, and the ECC flow ratio, RECC. The next

2 t
section describes the analysis performed to obtain these parameters.

4.4.1 Suppartipo Analvain

A separate model for the NPP was developed. The model consisted of a
single volume representat. ion for the primary side of the reactor excluding the
accumulators, two volumes representing the intact loop accumulators and one
volume for the broken loop accumulator. The model used the results of the
nominal NPP calculation. The deta\1s of this model and its results are described
in Appendix E.

Figure 4.1 shows the total ECC expected into the NPP from the nominal NPP
calculation and from the separate model. The average ECC flow rate prediction

2 et fects accounted for is lower than the average ECC flow rate predictedwith N
in the NPP calculation without accounting; for N . Table 4.1 sunenarizes the2

integrated ECC flow during the Refill Phase ;s predicted by the separate
calculation and in the reference NPP calculation. In this table, the first

column in the time of the trasient, the second and third columns show the
Integr aed ECC aass flows froni the HPP calculation and from the separate
c6' alation. The utf o of aversy ECC flows, <RECC>, is 1.14.

In addition to developing a separate model, accounting for the N -effect2

on the NPP response, the UPTP Test 6 was also modelled with the TRAC code, but
without N2 injection. The actual tests had a separate N2 injection of 1 kg/s,
to simulate effects from dissolved N . However,1 kg/s is only en estimate of -

2
in the PWR during the Refill Phase. The calculationsthe emergenco rate of N2

for UPTP Test 6 with and without H2 provide information about the effect of N2
on the critical steam flow rate, the delay in the ECC delivery .and the lower
plenum filling rate. The results for UPTF Test 6 are sunenarized in Table 4.2.
The first column indicates the run numbers, the second column shows the steam
flow rates, and the next two columns indicate the lower plenum filling rates, as
obtained f rom TRAC calculations, with and without the N2 injection. The last two
coluoms list the time spans of the Delay Period, as predicted f rom TRAC calcula.
tion, with and without H2 injection.

The next section describes the actual calculation of the bias due to the
dissolved H , Results are used as obtained from the nominal NPP calculation and

2shown in Figures 3.13, 3.14, 3.15, and 3.16, and the results from a calculation
with a separate model for the NPP and UFTF Test 6 calculations. |
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Figure 4.1 Prediction of Integrated ECC Injection
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TABLE 4.1 - integrated ECC Hass With and Without N2

A'"ECC O'"ECC,N
2

TIME NPP CALC BOUNDING CALC

sec kg kg

11.5 0.0 0.0

12.1 860 860

18.1 15,900 12,145

22.9 30,670 23,843

23.8 33,490 26,045

26.1 39,940 31,773

29.5 49,070 40,100

33.5 $8,800 58,160

t

fAsccdtsmscc ~
11.$

b5CC * N, NAMBCC * N, *
11.5

fp - 20 3

gam , 5 8, 800 kg -. 21,7 4 6 kg , 1,14 ,

58,16 0 kg - 16,77 6 kg
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Tablo 4.2 - TRAC Simulction cf UPTF T:st 6

RUN W PRED. FILLING RATE PRED. DELAYS
kghs |

E bLP.N LP t tDA2 DA.1,N
2

kg/s kg/s S S

i

i

131 400 0 m w <
..

!132 300 199 0 20 #

J~0 250 360 604.6 16 20.6 !
t

136 100 $12 359.6 7 21.8
,

i..

?

kp Lower Plenum Filling rate without N2 |L

k L wer Plenum Filling rate with N2 iLP.N2

tpA Delay without N2

t

2 Delay with N2 and fixed ECC injection rate iDA,1,N

W Steam ficw rateg

[

,

b

!

|

I
|

|

'

.

,

I
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4.4.2 Evaluation of the Blaana
i

In this section, the actual calculations of the biases for the sub-periods i
'

defined in the Section 4.3 are performed, using the procedute described in
Section 4.3 and the information described in Section 4.4.

1

!

4.4.2.1 Rima in Tf= Inn of the en-alete mynman Period

i

This period begins at the time tt of initiation of ths accumulator flows |
in the intact loops and ends at time to, when the steam flow rate decreases to |
the critical flow rate._ The period is obtained from Equation ).28. |

|

The critical steam flow rate is obtained from UPTF Test 6 calculations. !
Since the facility is full-scale, the results can be used directly for the NPP. 1

Table 4.2 shows the TRAC prediction for the lower plenum filling rates, with and I

without accounting for the N2 injection. There are no deliveries of ECC fluid i

to the lower plenum at a steam flow rate of 400 kg/s. for the case with N2
injection, and at a steam flow rate of 300 kg/s for the case with no Ny injec-

t tion. The following conclusion is made about the critical steam flow rate,
!

If N2 is injected ,

( 3004/s ( W,,,me,y,,ppy ( 4004/s (4.21),

!
'

l 1
(- if no N2 is injected: >

(4.22)2004/3 ( W,,,me,Ury ( 300 4/s j.

Therefore, the critical steam flow rate with N2 will be higher than the critical
steam flow rate without N '2

W Wge. MC,Ns, UfW ge, MC, UPW '

-t

Since UPTF is a full-scale f acility the conclusion in Equation (4.23) is applied
to the NPP.

W '

ge,Mt No,NPP ge, TMC,NPP '

Since the steam flow rate from the lower plenum to the downcomer is decreasing
during the Refill Phase, the higher steam flow rate will oct.ur earlier as shown
in Figure 3.15, and it 1.5 concluded that.

-51-
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(4.25)
to ) t ,g,o .

Therefoce,

(4.26)fo)tf ip, y, .

'The bias 6 TID,N2 is estimated by substituting Equation (4.26) into Equation ,

(4.4). |
,

;

(4.27) 1

]Ol v,N, ( 0. 0i
.

|

1

Therefore, a conservative estimate of 6t g,y2 i'''i

8tip, g, - 0 . 0 (4.28) ;.

Furthermore, a conservative limit of the critical steam flow rate for a facility .

is the lower limit, since the steam flow rate would have to decrease below that t

limit before any liquid can reach the lower plenum. Therefore, the lower limit
is selected from Equation (4.22) for the critical steam flow, wlich is

*

.

I

M',c, yg4c, gyp - 2 0 0 kg/s (4.29).

The time t2 corresponding to this steam flow rate is obtained f rom Figure 3.15,
and is

(4.30)fp - 2 0. 0 3 .

i

'

It should be noted that the critical steam flow rate and corresponding time are

dif ferent ' f rom the ones selected in Section 3.4.2.1 (Equations (3,33) and

'(3.34)). The difference in two critical steam flow rates is due to their
| - application. In Section 3.4.2.1 the bias due to all the model deficiencies in ,

| the code, except for the lack of a dissolved-N2 model, was being estimated. The
critical steam flow was obtained from the.UPTF data which had N2 injection to r

account for' dissolved H2 effect. .A lowest possible value of the steam flow rate
was selected for the critical flow from the UPTF data. In the current

,
.

i

L application, tr> purpose is to estimate the bias'due to the lack of a dissolved i

N2 model in the code. So, the critical steam flow rate for the NPP with no
is estimated from a calculation for the UPTF facility with no N2. dissolved N2

injection. A comparison of the results of the two calculations shows the effect
of the dissolved H , since the code and the test conditions were the same. The2|

|'
|

|
P
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is to increase the critical steam flow rate and therefore. theeffect of the N2critical steam flow rate in Equation (3.33) is higher than in Equation (4.29).

4.4.2.2 Blas in the Timiny of the Delav Period

The Delay Period begins at time tg (Equation ('. 50)) and ends at time tA *O

obtained from Ecuation (3.29). Therefore, the duration of this period is:

I

tgy - f3-to - 22. 93 - 2 0. 0' s - 2. 9 s (4.31) '

.

,

During this period, the N2 affects the duration of the Delay Period in two ways,
each of which contributes to the bias as described in Section 4.3.1.2, and their j

contr!butions are estimcted using the method described in that section. The
'

com[atation of the first blas, 6tDA,1,N,, requires a ratio of delays from the i

simulation of separate effects tests with and without H . Table 4.2 shows the2
calculations for UPTF Test 6 with and without the consideration of the N2 !

;

Injection. The results in this table indicate that delays are smaller when H2
injection is considered. This conclusion is epplied to Equation (4.10) and the
result is, q

j

< f(,,a > ( 1. 0 (4.32) ].

1

The first bias for the delay period is computed by substituting Equation
! (4.32) into Equation (4.12). It follows that ;

O f u.1,N, ( 0. 0 (4.33)t .

$

A conservative estimate of this bias is
.

(''3')
6tgu,1,y,- 0.0 .

for this period 4, due to the decrease in the ECCThe second bias 6tDA 2 N
flow rate. TheintegrateddCdflowisshowninTable4.1fromthenominalNPP
calculation and-from the separate model calculation. The results in this table
indicate that there is less ECC f)ow in the presence of N2 and a ratio of the
average ECC flow rates for the Refill Phase during the time period between tD and
tg is estimated-from this table as defined in Section 4.3.1.2.

n

s
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(4.35)
Race - 1.14 .

The second bias for this period is computed by substituting Equations .

(4.31) and (4.35)~ into Equation (4.15).

(4.36) !Ofp4,2,y, - 0. 41 s .

,

The total bias for the Delay Period is the sum of the two biases obtained
from Equations (4.34) and (4.36).

('*37)6%,y, - 0. 41 s .

!

,

I4.4.2.3 Blas in the Timino of the F1111n7 Period

This period begins at time tA (Equation (3.29)) and ends at time tg |
(Equation (3.30)) when the lower plenum is full. The duration of this period is
computed from these times.

I'*88)fa, - ( 3 3 . 5s - 2 2 . 95) - 10 . 6 s .

The bias in this period is estimated by substituting Equations (4.35) and
(4.38) into Equation (4.20) and the result is.

(''39)or ,,y, - 10. 6s (1.14 - 1) - 1,4 8 sa .

/. . .\ . 2 . 4 Int.gl __as in the Refill Phase

The total bias 6t33,y in the Refill Phase in obtained by adding the biases ,

f rom the Equations (4.28) . 2(4.37) and (4.39). >
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(4.40)
Of s, #, = (0 + 0. 41 + 1. 4 8)J - 1. 88 s .f

|

1
'

I

M del4.4.2.5 Blan in Predicted PCT due to the Ominalen of Dianolved N2

The bias in the PCT due to the lack of a dissolved N2 model in the code is !

estimated from Equation (4.1) using the information fror. Equations (3.50) and
(4.40).

1

('''l)
8 /NCTy, - 9 . 9'K (17.8'/~) .

i

4.5 Conclusigna

The bias in the predicted PCT due to the omission of a model for dissolved
in the code is 9. 9'K. As this bias is positive, it implies that the inclusion !

N2 in the code will result in a higher predicted PCT. )of a model for dissolved N2 i

The bias in this section was estimated from three independent calcula-
tions: a bounding calculation of the NPP during the Refill Phase. .the nominal NPP
calculation.with the TRAC code, and the simulation of UPTF Test 6 with the TRAC. |

is dissolved Jcode. Since for the bounding calculation it was assumed that no N2
in the cold legs an.t that N2 completely terminates the condensation process, and a

since all the benuficial ef fects f rom the dissolved N2 were neglected, the bias
in PCT predictions presented in this section, is conservative.

based on the variation inIt is recommended that a model of dissolved H2
the solubility of the noncondensible gas (i.e., Henry's model) be included in l

|
the code. The code has a model of noncondensible gas, but it does not allow for i

any dissolution of gas. In the absence of such a model, the NPP calculation j

injection in the intact loops, such as was done in the '

could be repeated with N2
UPTF Test 6. The results of the NPP calculations with and without N2 can estimate

.the PCT bias. The uncertainty in this approach is in the N2 injection rate and
in the location of the N2 injection. However, a conservative estimate of the

dissolution, based on equilibrium assump-tions, can be made and used !rate of N2 injection close to the accumulator junction. j
to simulate N2

i

1

|

I
1

|
|

,
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5. SUlGERY OF CONCLUSIONS

The peak clad temperature (PCT) predicted by TRAC-PF1/ HOD 1 Version 14.3
for large break loss of coolant accidents (LBLOCA) has uncertainties arising f rom
(1). ECCS thermohydraulics modelling deficiencies, and (2) lack of a model for
dissolved N2. These uncertainties in PCT are quantified here numerically in
terms of biases.

The evaluation of the bias due to modelling deficiencies requires
comparisons to data, either % m .'all-scale tests or pro 'rly scaled separate
effects tests (SETS). A review of ..cilab'e SETS indicated that small-size
facilities did not model the flow regimes expected in a nuclear power plant
during the Refill Phase of an LBLOCA. Therefore, it was concluded that only
full-scale test data, from the Upper Plenum Test Facility (UPTF). could be used
for the estimation of this bias. Any bias based on the small scale facilities
would be conservative, since the ratio of measured to 'jredicted lower plenum
filling rate decreases with size.

The total bias in PCT predicted by the TRAC comp' ter code due to modelling
deficiencies is -19'K (-34'F). The negative bias implies that these systematic
errors in the code over-predict the PCT. Detailed analyris of the et ributions
to the total bias indicated that the Counter Current Flow Period (which laste fr
0.5 seconds) leads to only -1.3'K of the bias. The largest contribution (-
17.7'K) to the bias results from the prediction of the Delay Period. It is

reconsnended that higher priority be placed on the generation of data at steam ,
'

flow rate corresponding to the complete bypass region.

The second source of uncertainty (i.e., the lack of a model for dissolved
H) leads to a bias in PCT of 9.9'K (17.8'F). The positive bias indicates that

2this systematic error leads to en undar-prediction of PCT. Thus, the lack of a
.

model for dissolved H2 makes the code prediction less conservative. Although the'

TRAC code has a model for the mass balance of non-condensible gasses, it does not
account for mass transfer between the liquid and the gas. It is recommended that
a model of maar transf er, based on Henry's model of the solubility of the gasses
in the liquid, be included in the code.

$

r

P

a

h
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APPENDIX A. UPPER PLENUM TEST FACILITY (UPTF) EXPERIMEDTS

UPTF [Liebert, 1988) simulates a German four-loop PWR similar to a
kestinghouse PWR (Fig. A.1). The facility has a full site vessel, hot and cold

The f acility also has
legs, ECC injection into the cold legs and the downcomer.in the cold legs to simulate the dissolution of H2injection of 1 kg/sec of H2
in the PWR. The main recirculation pumps are simulated by adjustable flow
resistances, and the steam generators are represented by four steam / water

The core region is simulated by 193 nottles injecting steam to theseparators.
lower pt-num. The facility's uppet plenum internals replicate the actual vessel
geometr* The downcomer separate effects tests--ECC bypass in the downcomer--

ne series of the experiments conducted at the facility.were on- '-
data is t!'eThe clear advantage of using the full-scale f acility (UPTF)

elimination of the need to extrapolate the results. Also, the question of the
flow regimes and their ef fect on the major parameter of concern, the lower plenam
delivery rate, would not arise.

Unfortunately, only 5 runs for UPTF test 6 are available for ti e
investigation which is not a suf ficient data base for the statistical analysis.

It is impt rtant to note that some of the clearly three-dimensional patterns
of the flow (' alternate channeling', for example) developing in the downcomer are
considerably different f rom the classical counter-current flow patterns. The

channeling can be observe d in the pictures showing the ~vasured liquid
temperature in the downcomer region (Figs. A.2 and A.3) [Liebe.:. 1988).

The runs were perfor.ned in two stages. In the first stage the steam was

injected in the core and a steady state was achieved. The first stage lasted for
43 seconds. In the second stage, the ECC was injected. The ECC did not

The tests were run forimmediately reach the lower plenum and there was a delay.
30 seconds after the ECC injection. The lower plenum inventory *,as estimated
from pressure drop measurements.

The next section describes the procedure of evaluating lower plenum filling
rates from the UPTF test 6 data.

Lower Plenum Filling Rate in UPTF Tests

The lower plenum and downcomer inventories in five Runs (131,132,133,135
and 136) of test-6 were available (Volfe,1988a,1988bt Damarell,1988a,1988c).InThe data for Runs 131,132,133 and 136 are summarited in Tables A.1 to A.4.
these tables, the first column indicates the time and, the second and third
columns show the lower plenur and the downcomer inventories. The lower plenum

inventory data f or Run 135 were available in the form of lower plenum inventory
plot [Damatell,1988e) which indicated that there was lower plenum filling at 440

Actual lower plenum fi ling rate was not needed for currentlkg/S of steam flow.
application as TRAC predicted (Appendix D) no ECC delivery for this steam flow
rate.

]
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Table A.1 - UPTF Test 6. Run 131* (Steam Flow A00 kgl$)

Lower Plenum Downcomer
Time Inveritory Inventory ,

s kg kg

49 0 0

55 (1400) 0

60 2500 (200)

63. (4700) 300

69 9000 (2600)

71 (9700) 3300

'
72 (10100) 0

80 13000 700

(Wolfe. 1988a)*

( ) Interpolated Values

Tab 1re A.2 - UPTF Test 6. Run 132* (Steam Flow 300 kg/s)

Lower Plenum Downcomer
Time Invent ty Inventory

a kg kg

52 0 -----

56 (2800) 0

58 4200 (0)

59 ($100) 0

66 (11700) 0

67 12600 (200)

78 13700 2000

* (Wolfe. 1988a)
( ) Interpolated Values
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Table A.3 - UPTF Test 6. Run 133* (Steam Flow 200 kg/s)

. x. ,

,

Lower Plenum Downcomer
Time Inventory Inventory

s kg kg
..

50 0 0

52 1820 0

.- 63 19370 0
j.

70 1398'J 470
_

76- 14330 3360

LO 14670 4090
-

___

[ [DLmarell, 1988a)*

9
Table A.4 - UPET Test 6. Run 136* (Steam Flow 100'kg/s)

Low:rr Plenum Downcomer
Time Inventory Inventory

s kg kg
__

_
_

45 0 0
g

5 50 1800 0

E
.

60 9820 0

- 70 16110 1410

80 18190 5010

L-..

[Wolfe, 1998b)*

e

T'

,
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The lower plenum filling rates for four runs were obtain>d from the
inventory data by plottine the data and selatting a window. The windows for Runs
131,132,133 and 136 were 49 see to 80 sec. 52 see to 67 sec. 50 see to 70 sec.
and ' 45. sec _ to 70 see respectively. As an illustration, the lower plenum

inventory for Run 136 is shown in Figure A.4 and steps to esiculate illling rate
are shown here.

~

'iA*1)sdu"
2 1

( ^* ',, _ 16110 - 0 ) kg - 6 4 4kg/
(70 - 45) s

The lower plenum filling rates and the delays in the initiation of lower plenum
filling are summarized in Table A.5. In this table, the first column lists the

Run m-ber, the second column lists the steam flow rates, the third column shows
the lowar plenum filling rates, the fourth column lists the time of ECC injection
and the last two columns list the time at which the lower plenum begins to fill
up and the delay in the initiation of lower plenum f1111ng.

Table A.5 - Sunanary of UPTF Results (Test 5)

EXPERIHENT

Run W kp ty tA IA.UPTFt

k!/s kg/s s s a

131 400 419 43 49(54) 6(11)

132 300 840 43 52 9

133 200 699 43 50 7

335 440 >0 43 ----- -----

136 100 644 43 45 2
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APFBIID11 3: 100DALIEAT10ll FOR SEPARATE EFFECT TESTS, UPTF

All calculations were performed using same noda11tation for the VESSEL
component. Figure B.1 shows the schematic of the nodalitation for the VESSEL
component. The geometfical data for UPTF are provided in Table 3.1. The
downcomer was modelled as a two-dimensional region using ten cells in the
vertical direction and four cells in the azimuthal direction. The cold and hot
leg connections were made at level 11 of the VESSEL. The lower plenum was
modelled with two axial levels, and the ' core' and upper plenum regions were
combined into a cylindrical region represented by eleven axial, two radial, and
four azimuthal cells. Steam to the downcomer was supplied through the core
region.
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APPBIID1R C: TRAC-PP1 INPUT DSCK POR UPTF:

This Appendix contains the listing of the' input deck used for the UPTF,
Test 6 calculations.m .

.. .
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> UPTF T%AC-PF1 Input Desk

FREE

lbbh d at WFRC8=1,lADDEDsite,NCRG=1,NLTm14,NOAIR=0'
P

0 0.0 0,

.. ..
"|| 1. MAIN CONTROL DATA ,,

8 YST TRANSI NCOMg N|UN
IPAK

' O AX AX SITM SOLUT
* SV ,,TCB NTCP NTRP, NTCP

| COMPONENT LIST CARDS

'""'"" VE88Ep!!MULATb INJECTk 'N TEES
AND YE88 L DRAIN

|""""k' CORE
p 0 604 606 8

kE Slb kORg8E FILg6 8'""" ""'"

SIMUth okFEEgACKrig,"""' '" Col

......5.....O([Pi
"M 8-

iiti!" 11 18
'

.... 4.IM.I...... ; oops

.......M7.......fb
II $$ $8|ik .

ano 8

.......Mr.I......btoops!!$h SNk
. Loop 4

4640 41 g3 og 8

'"""* "'""' NITROgN INJEgoN SYg
| CONTROL PARAMETER DATA *

hs f ILCN ICN1 ICN3

! 0!} N,'N 0 0
0gg

10lb o1

,i 800 ,, 8
.

| 81GNAL VARIABLES FOR THE CORE FEEDBACM SYSTEM
N 1 1007 0"g''
N 300k $0'

D h i

**'
s0ok 0

d . , 538 4001 %
A

,
.

t 604 4 0

' SIGNAL VARIABLES IN LOOP 1

lit il 19 8 8,

| 810NAL VARIABLES IN LOOP 8

lit il it i 8,

-| 810NAL VARIABLES IN LOOP 8

lij |i
U 1 8 8

il \'' *"
0

4Y9 $7 47 1 0,

' CONTgBLOCCohT'uot, BLOC NR THE'hkE FEEbhCK SY8M

l
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APPEND 1R De TRAC-PF1 PREDICTION OF UPTP LOWER P12NUM FILLING RATitS

UPTF Test 6 Runs 131,132,133, and 136 have been simulated with TRAC code
by Dr. Henry J. Stumpf at LANL. The computation tames on the CRAY computer
varied froan 2 to 5 hours. Figures D.1 - D.3 show tt.e predicted lower plenum
liquid inventory curves for Tests 132. 133 and 136: no liquid penetration was
predicted for Test 131 (Wg = 400 kg/s). The lower plenum fill-up rates were
obtained graphically using Figures D.1-D.3. The starting point of the straight
line on each graph corresponds to beginning of the lower plenum fill-up and the
end point of the line corresponds to the ' quasi' steady lower plenum inventory.
Table D.1 lists readings from the graphs used for predicting the lower plenum
filling rates. The first column is the test numbers the second and third columns
are the starting time of lower plenum fill-up and the liquid inventory of the
lower plenum at that time, respectively: the fourth and fifth columns show the
time and the liquid inventory when the ' quasi' steady lower plenum liquid
inventory was first reached. The last column is the lower plenum fill-up rate.
Table D.2 summarites the experimental and calculational data for the UPTF tests.
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'T;ble D.1 - Pr;dictcd Lower Plenum Watcr Inventcry and Filling
Rates. UPTF Test 6 5

,

mgp)i mLP)2
kPRun ti t2

(kg (s) (kg (kg/s)(s) i

_-

132 63 50 70 1443 199

133 59 79 68.7 3570 360 ,

136 50 130 63 6781 512 !

t

>

k

Table D.2 - Summary of UPTF Results (Test 6) |
|

EXPERIHEN7 7RAC

.

Run W (p tg tA TIA.UPTF kP L1 LA t1A.UPTFg
(kg/s) (kg/s) (s) (s) (s) (kg/s) (s) (s) (s)

;
<

131 400 419 43 49(54) 6(11) 0 43 m a

132. 300 840 43 52 9 199 43 63 20

133 200 699 43 50 7 360 43 59 16

135 440 >0 43 0 43 e a------ -----

136 100 644 43 45 2 512 43 50 7
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APPEupi1 E

Estimate of ECCS Flow in the Presence of Dissolved N2

E.1 Introduction

The nitrogen (N ) gas in the system occupies the top portion of the2
accumulators, and is also dissolved in the coolant in the accumulators. The

coolant in the accumulator is in equilibrium with the nitrogen in the gas
The amount of the dissolved nitrogen (N ) is only $7.6 kg and about2space.

half of it will emerge from the coolant as it flows from the accumulators to
the cold legs and the downconer where the pressure is lower than in the
accumulators.

in the cold lejs and in the downcomer will mix with the steam.The N2This will af fect the thermohydraulics of the coolant in two ways. First,'N2
will occupy volume and displace the coolant into the lower parts of the down-
comer and, second, N2 will reduce the interfacial mass transfer proceso (con-
densation) by decreasing the rate of interfacial heat transfer.

E.2 Purpose

The objective of the task described in this appendix is to estimate the
amount of ECC flow during LBLOCA in a Westinghouse PWR in the presence of
N. The ECC injection rate depends upon system pressure which is affected by

2
from the ECC. Therefore, this task will require estimation ofthe emerging N2
emerging from ECC and its effect on the system pressure.the amount of N2

The time to fill the lower plenum depends upon the ECC injection rate.
Any delay in filling the lower plenum due to the dissolved N2 will allow the
clad to heat up for the duration of delay and contribute to bias in the pre-
dicted PCT.

E.3 Approach

The effect of N2 on the ECC Ilow rate is estimated by computing a correc-
tion to the system pressure obtained from the nominal TRAC calculation. A
separate model predicts the ECC flow rate based on corrected system pressure.
The method oJ estimating the correction to TRAC predicted system pressure con-
sists of the following steps:

1) Formulate single volume models of the reactor system (excluding
accumulators) and of intact and of broken loop accumulators. The
system pressure will be evaluated in this step based on the informa-
tion obtained from the next two steps.

2) Estimate the amount of N2 emerging in the reactor system from the ECC
flow,

3) Estimate the effect of the N2 on prediction of condensation in the
reference NPP calculation with TRAC.

1
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E.3.1 Formulation

The . emerging N2 from the ECC reduces condensation which leads to
accumulation of steam in the system. This steam along with N2 will slow down
the rate of system depressurization. Furthermore, unlike in the current
reference. NPP calculation, where the system pressure was at times below the
containment pressure due to condensation leading to the flow from the

containment to the system, the system pressure in the presence of N2 Will
always be higher than the containment pressure and there will be no flow from
the containment to the system.

Three control volumes with liquid and gas spaces are used to aodel three
sections of NPP; the NPP primary side (excluding the accumulators), intact
loop accumulators and broken loop accumulator, as shown in Figure E-1. The
control-volume for the primary side receives ECC from the safety injection

j

system and the accumulators. It is conservatively assumed that all the
dissolved N2 emerges from the ECC before it enters the. volume and flows to the q
gas space. The three intact loop accumulators are represented by a single j
volume and the broken loop accumulator is represented by another single. i
volume. Special care is taken to model steam generator side break, as the '

break flow consists of flow from accumulator and from the remaining broken ,

loop. The pipe section at which the accumulator joins the broken loop is ,
'designated as junction volume, as shown in Figure E-1.

E.3.1.1 Formulation fer Reactor System

.

It is an..umed that the N2 and steam are in thermal and mechanical equili-
brium. Furthermore, the gas space is divided into separate sections for steam
and N . The phasic densities in each section will be a function of system2
pressure. The system volume is modelled with phasic mass balances as given
heres

de
" ~

dt 1,1 o,i vi,N2 ,

dm

d 1,v o.v~ "vi,N (~" ~

2

da
(""

d 1,N2 o,N2

pere,ag,my, mg, are masses of liquid, steam and nitrogen, and .

- m t N, is net conuensation rate in the presence of nitrogen at the interfacev
of liquid / vapor regions. The remaining six variables W i g. W ,g, Wiyo
W W1N Wo,N, represent the mass flow rates at the inlet and outlet
f o r,y ,

o
the li,uid, % team and N , respectively.q 2

1

-

,

,
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|t q The phatic mas;;s cro d: fired as:,

p J
;

; a =V o (E-4)g g g,

! ,

{|
'

= V, o (E-5)m
y y

( 4}"
"N N2 N2 2 j

t
i

The system volume, V, is the sum of phasic volumea, Vg, Vy and
V

Ng .

V=Vg+V +V (E-7)y N2

We define a system void fraction a and phasic volume fractions my and
aN2

**8
;

a = V /Vy y

a =V /vg N2

a=a +a (E-8) iy N
2

,

The nitrogen volume fraction aN o the reactor system is expected to
2be small during the Refill Phase and it is estimated from the nitrogen volumer

4

fraction in the downcomer.

a * *V /V (E-9)
N2 N og g

2

where VDC and V are the downcomer and system volumes, and obtained from the
reference NPP calculation. The formulation is based on separate regions of
steam, nitrogen and the liquid in equilibrium and so the phasic density can be
obtained from the system pressure instead of partial pressures as shown here.

m- m

(P)=[=[ (E-10)j c =p
y y

i y

p, =p (P,T),

| h2 N2

The fraction of N2 in the gas space is very small, so the steam partial
pressure is close to the system pressure, and the steam and Ny temperatures..

are obtained as

T = T,,tW

Al so ,

g g (P,u )p =p
g
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We will also need the liquid energy balance as the liquid density is a
function of internal energy. The viscious effects and mechanical energy
ef fects (kinetic energy and work due to interf ace movements) have been neglec -
ted.

d(a u )gt e

h + q"A (E-11)
dt i,1 i,L' o,t h,,g+ avt N2 V"

4g are the internal anergy of the bulkwhere u , hgg, h,g, h , mVA*N2 Wg y

liquid, liqaid enthalpies at the inlet and the outlet of the volume, enthalpy
of the steam, condensation rate in the presence of N2 and net vall heat trans-
fer to the liquid phase.

Equations (E-4) to (E-7) and (E-10) to (E-11) are substituted in Equa-
tions (E-1) to (E-3) and the derivatives of the volume fractions are eliminat-
ed and gas phase expansion (dog /dP) has been approximated by the vapor term

is small; the equation for the system pressure is ob-as the amount of N2
tained, as given here.

.

dp dp 8p
+ "~

dP dP Bu i,1,N2 1,1 i o,1,N2 0: 1 L
NPP,N2

$

+ "vt,N (h -u )+q ,g} # *'(pp -p")2 V g

~

1,1,N,' o,tN, i v,N, o .v .N,
,

Vo Vp

Wi,N, W ,N'
-

o+_ (E-12)
E
N2

This-equation represents the system behavior in the presence of N2 injec-
tion into the system. The nominal NPP calculation also accounts for all the
effects except N2 shown in Equation (E-12) during the Refill Phase. There are

that are notadditional differences in the system behavior due to the N2
accounted for in the NPP calculation, such as reduced condensation in the
downcomer, and no backflow from the containment. In order to estimate the
system pressure PNPP N we will represent the results of the NPP calcula-
tions in a form similar,,to Equation (E-12).

dp dp Boy g_o g1-a

t + {a (Bu i,1 1,t"t o,1 o,2 "t~ ~"~
dP oaNPP p dP gg gg

+Ayt(h-u)+q,g} $(, (o pg
-

y g
g

a
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'

oWg ,f,, g W -W .Ii,y oiv. (E-13)Vp Vog y

,

,

Equations (E-12) and (E-13)~are combined; the terms in the coefficients .;
of E and f representing the compressibility of the liquid are smaller !NPP,N2 NPP

than the terms representing the compressibility of the vapor and are neglect-
ed. It.is further assumed that the internal energy of the bulk liquid,

:inlet and outlet and the net wall heat transfer to the liquid phase are the
!same in two equations. Furthermore, terms representing the differences

in the phasic relative velocity have been neglected. The phasic flow rates ;

'have been combined to form mixture flow rates. The terms with m have beenyg
compared and the first $ g term containing (h -u ) is two orders of magnitude !y y g
smaller than the second E term containing (p -py) and so the first m term ig yg
term is neglected.

i

As we are looking for conservative estimate, it is assumed that no N
2leaves the system.

s

"O,N =00 (E-14)
2 ,

The resulting equation is:
'

)NPP,N .)NPP+.I_{W,N, p,)N q 1,m)
W W

i 1,m

2 V p g 2 Pm

vt,N,) ~0 d,a vt t vo m) , v) (E-15)+ .
m n t v v

where Wi and W are the flow
into and,mout of t e volume, and m, rates of mixture of steam and water goingom

ud m are condensation rates with andyg yt,N2
without the presence of N . Equation (E-15) indicates that the primary effect2
of N2 will be to modify fluid flows as. che boundary and the condensation
rates.

The condensation term, k g, in Equation (E-15) is estimated from they

results from NPP calculation. The rate of condensation due to subcooled ECC
is ' estimated f rom ECC flow rate and subcooling. The sensible heat released by
the condensate'in order to reach DC conditions is neglected in comparison to
the latent heat.
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O
CC.NFP DC A p (E-M),

fg

where mECC,NPPs TDC, and TA are the rate of ECC injection, downcomer and
accumulator fluid temperatures.

Steps to evaluate Evg from the NPP calculations are listed here for any
during the Refill Phase (t1 to tg). The timestime period f rom tg to t2

tg and t2 are times at which the NPP calculation results are available.

(T -T ) + (T -T )g g A
C tg t2

= AmA" CON,NPP ECC,NPP 2

ON,N (E-18)m =

2 1

where AmCON,NPP and AmECC,NPP are thE amounts of steam condensed and ECC
injected between ti and t2'

The cor.densation rate, Evg,y; in Equation (E-15) will be less than
For conservative estimate of system pressure, the condensation rate in,

myg.
the presence of N2 is neglected.

0 (E-18a)hi,N
2

A procedure of estimating b 1s desribed in Section E.3.3. It is
vi,N2

shown in Section E.3.4 that condensation reduces by 80% in the presence of N2
for the conditions expected during the Refill Phase.

The remaining four terms on the right side of Equation (E-15) represent
the injection flow rates and break flow rates for NPP with and without includ-
ing the N2 effect. 'the NPP break flow rate and injection rate without N2 'f'

fects were obtained from the reference NPP calculation. The break flow rate
for the N2 case is estimated from the information available from the reference
NPP calculation. The pressure difference between the system pressure and
break pressure is related to the break flow rats.

W = K / (P,-PB m

K is estimated at times during the Refill Phase at which the reference NPP
calculation results are available. The lowest value of X is selected for the
conservative estimate of system pressure. The system has two breakst one on
the vessel side and the other on the steam generator side. The flow coeffi-
cient K will be different for two sides. The vessel side break flow is:

:
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E (E-20)o,m,VE VE y B m

where KVE, Pv and PB are the flow coefficient for the flow path from the
vessel to the break, the vessel and break pressures, respectively.'

The steam generator side. break flow is a combination of flow from the
accumulator and f rom the broken loop.

WBR.SG " o m,SG * BR,A (E-21)

where WBR W BR,A are the flow rates at the steam genera-reak, a,m SG and Wtor side bSGe
o

nd flow rates from the vessel and the accumulator to the
junction volume (Figure E-1), respectively. These flows are related to the
pressures as follows:

W -P)pBR,SG " JB J 3 y (E-22)

W =Kyy /(Py y (E-23)-P)p ',,,,gg

W -P)p*
BR A AJ A y g (E-24)

,

+ ( ~ J} # (~ }p =a oy y g 1

where KJB, Kyj and KAJ are the flow coefficients for the flow paths from
the junction volume to the break, from the vessel and the accumulator to the
junction volume. Additionally, P .-PB and PA are the pressures at theJ
junction volume, the break, and in the accumulator, respectively. Further- '

more, pj and aj are the mixture density and void fraction in the junction
volume. The flow coefficients in the Equations (E-22)- through (E-24) are ob- ;

tained f rom the nominal NPP calculation with the TRAC code. The void fraction '

aj for the volume is estimated from the volume flow rates to this volume.
-It-is assumed that the flow leaving the junction is homogeneous, the flow

I' coming from the reactor is all steam, and the flow from the accumulator .is all *

liquid.

( o m.SG!EL g

(I"o,m,SG + ( BR.A!E NE
L| g

1

The solution of Equation (E-15) requires the amount of N2 injected into

Section E.3.2.,N ), and the procedure of evaluating W ,Nthe= system (Wi
i is described in2 2

1

The ECC flow rate or injection rate (accumulator flows and safety injec-
|- tion) in the presence of N2 is estimated from the system pressure and a model |

| for the accumulator. The next section, E.3.1.2, describes the accumulator
model.

I ,
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E.3.1.2 Formulation for Accumulator Flows

The rate of accumulator flow is estimated from a model of accumulator and
the pipe connecting it to the cold leg. The accumulator has a gas space
filled with N2 and a liquid space filled with subcooled water with dissolved
N. It has been observed in the reference NPP calculation that the liquid

2' temperature changes by less than l'K during the Refill Phase, but there has
been temperature change in the gas phase of the order of 30'K. Therefore, the

nitrogen expansion is not isothermal, and we can assume an adiabatic expansion
for the nitrogen. The adiabatic expansion will predict lower accumulator
pressure and lower ECC flow rate than the isothermal conditions. The gas
s;, ace pressure will also be affected by the N2 which will emerge from the
liquid as the accumulator pressure decreases. The system of equations which
govern this model is given here

Mass balances for N 82

d (pN, Y .N,)A e (
dt " "N2

.

thevolu$eoftheaccumulatoroccupiedbyN.istherateofnitrogenemergingfromtheliquidandV.N|iswhere ion A
A mass balance for N in the2

liquid phase is also needed.

bd e

V ,t X7[ (og A N M 22 HO2

where Mg, and MH 0 are the molecular weights of nitrogen.and water, and X
3 i'in water. XN2in a mole of solution) of N2is the ablubility.(mole of N2

related to the accumulator pressure P , through Henry's law,A

X = P /H (E-29)
g A

where H is Henry's constant.

The N2 will follow an adiabatic expansion:

' = c notant = K (E-30)P pNg
2

It is also assumed that Ng beh&9es as perfect gas

( l}P V "" ^g AN2

-As the accumulator volume is fixed, there is an additional constraint on.
the V ,N IA 2

.V =V +V (E-32)
g A*N2 hg

1
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13 additica to the N2 balance equations, mass and momentum balances -are -
also needed for the liquid phase (water):

#
A,t

*~0dt 1 (E-33)

o =K !(I ~I )0 (E'30)-g A A S t

where Qg is the volume flow rate from the necumulator, PA and Pg are the
pressures in the accumulator and the rest o' the NPP system.

Af ter combining Equations (E-27) to (E-34), an equation for dP /dt isAobtained.
.

t b, PE g ;

E ~

dP^ t H M
H' #s '

H (E-35) i
-

d* YA , t N, Pt :p 4
HMHO O YP

2 g A
,

!
It should be noted that for PWR application, the terms containing H in - !

the above equation are three orders of magnitude smaller than the terms they
are added to, implying that the effect of N2 dissolution on the accumulator ,

pressure is small and could be neglected.

The flow coefficient KA is obtained from the reference NPP calcula- 1
tion. The accumulator pressure is obtained from Equation (E-35). The liquid
flow rate in Equation (E-35) is related to W1,a in Equation (E-15).

g ,, " Wgy + b (E-36)W
A

b*9 # (E-37)A 4 1

!

. where mA and Wgt are the accumulator and safety injection flow rates. ;

(' E.3.2 Estimate of Rate of N, Dissolution in the Reactor System
,

!
It is assumed that the N2 and steam are in equilibrium with the water. *

'

As the fluid particle moves from the accumulator to the cold leg, the N2 solu- ,

bility decreases and this dif ference in the solubility leads to the emergence .!
. of N2 in the cold legs.

,

I The amount of N2 emerging from ECC into the cold leg can be estimated as
L follows: .

A ( N *A N *CL} (~ }W " -ci,N2 2 2

i

. >
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wherecy{o,AandcN,CbaretheconcentrationofN2i 4 2secumula r and the cold leg. The other variables appearing in the above
1

" ' equation are defined below.
,

In Rate of ECC injection into cold legs from accumulators,'

g
W Rate of N2 emerging into cold legs,

i'N2

c " U ni 8 2 per kg of the solution.
N2

in the solution is related to ..a solubility asThe concentration of N2
iollows,

X H M
NgNg Ng - = X for X << 1 (E-39)e N = 1-X "H O 2 HO 2N M N

2
N2 2 2

in the water varies with the pressure and temperature.The solubility of N2
in the gas phase is related to the solubility byThe partial pressure of N2

Henry's law

P =HX (E-40)
g g

'where PN is the partial pressure of N2 in the gas phase, XN is the solu-2
bility of N in water (moles of N2 per mole of solution) and 11 is Henry's con-

2
stant. llenry's constant, H, is listed in Table E-1 (Chemical Engineering
Handbook, Perry & Chilton, Pages 3-98). 11 is not very sensitive to the par-
tial pressure of N2 but does vary with the temperature.

in Equation (E-40) is computed as follows:The partial pressure of N2

(~=P ~

N NPP satell 02

is the fluid pressure obtained from the HPP calculation andwhere PNPPis the saturation pressure for water corresponding to the waterPsat.H O2temperature in the NPP calculation.

2 injection (W1N into the reactor system during
to tp in the Refill Phas$)of the accident is computed from

The average rate of N
any time period ti
Amg2 (the amount of N2 emerged during this period) as follows:

Am.
(W *

i,Ng t2*
AmN, is estimated by integrating Equation (E-38) af ter substituting Equation
(E-39).

:
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TAlli E-1

N Solubilities (Chemical Engineering Handbook, Perry 6. Chilton)2

(Tables 3-139 and 3-140)

T, 'C 0 5 10 15 20 25 30 35

410 xH 5.29 5.97 6.68 7.38 8.04 8.65 9.24 9.85

t, 'C 40 45 50 60 70 80 90 100

410 xH 10.4 10.9 11.3 12.0 12.5 12.6 12.6 12.6

e

104 xH
Partial Pressure of
N , aus, Hg 19.4'C 24.9'C2

900 8.24 9.08
2000 8.32 9.15
3000 8.41 9.25
4000 8.49 9.38

00 8.59 9.49
40 8.74 9.62'-

rs00 8.86 9.62
s100 9.04
8200 9.91

1

-

|
!
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N 'A''2 N ,CL,t N
t 2'A'*1 2.CL,tg+ 2

2)M (E-43)2 22
AmN *f "A dt ( 2 2 HO2 t 2

~

N 'A'*2 N ,CL,t NN 'A'*1 2,CL,tg 2

2) % 0
2 22

(AmN A 2 2
*

2 2

Where AmA and ann are the total ECC injected from the accumulators and
2

the total dissolution of N2 during t1 to t2 AmA is obtained from the
reference NPP calculation.

The N2 injection rate Wi N, Equation (E-42) is needed in Equation
dissolution is based on ECC flow rate from the(E-15). The rate of N2

reference NPP calculation and will be an overestimation as the ECC flow is
expected to b. Iower in the presence of N '2

E.3.3 Estimation'of Condensation in the Presence of N2

During the Refill Phase, the steam is close to saturation while the ECC
is subcooled. The condensation rate will be dominated by the interf acial heat
transfer on the liquid side.

(E-45)} 4 g/hgga '
1vi,N2 --

where Kcon, CHMOD, qig and hfg are the constant of proportionality, a
multiplier to account for N2 effect, interfacial heat transfer in the absence
of N2 and the heat of vaporisation. The multiplier CHMOD is obtained from the
correlation described in TRAC-PF1/ MOD 1 Correlation and Models document (Liles,
1988, Page 4-26).

a(p -p
y N2

(E-46)CHMOD = 0.168 (( g )p

where

a Gas void fraction (av + aN )2

p Gas density
y

ni Sen at its partial pressure, Pg2pN
2

The gas volume fraction a and the density of N2 at its partial pressure
are evaluated as follows:

(3, ) (E-47)a=a y
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!
p Op (Pp) 'g

'

P
.

N. NPP "N ( }2 2
;

where n is the mole fraction of NN 2 in the gas mixture and av is the |
.vaporvolumefractioninthedownconerasobtainedfromthereferenceNPPcal-
culation results.

An estimate of ng , mole fraction of N2 in the gas space of the
;

' downconer at a given- time has been made from the information obtained from the '

reference NPP calculation. The net steam flow into the downcomer during a
. ,time period (tg to t ) is computed from Figure E-2, which was plotted f rom- the -2

information obtained from the reference NPP calculation. The assumption in
this procedure is that during the period of interest, all the steam flow from
the lower plenum to the downcomer and all the N2 emerging from the ECC, mixes '

witii. the existing gas phase in the downcomer and the part of this mixture :(vapor + N ) leaves through the break. It is further assumed-that steam and2
N densities are constant. ;-

2
'

V +V
(t ) " y *'n (E-49)2g2 g,DCet: ' N ,1 tg,t2 H 0,1,tg,t22 2

n in the above equation is the mole fraction of N
N2

2 in the gas mixture as
the volume per kg-mole for each gas is the same at the same temperature and
pressure conditions. s

The other variables used in Equation (E-49)'are defined below

V V lume f DC occupied by N2 at tg at system pressureN ,DC,tg2

V :Cas space volume in DC at tg at system pressureg,DC,tg

V " N2 emerged during .tg and t2 at systemN ,i,tg t22 pressure

V T tal volume of steam injected from LP during t g to t2 atil 0,1,tt,t22 system pressure

n M le fraction of NN 2 in the DC gas space
7

V Y *Y
N ,DC,tg H 0,DC,t (1-nN (tg)}

*
g,DC,tg H 0,DC,tg2 2 2

,where

-V Volume of DC occupied by steam at tg at system pressure,H 0,DC,tI obtained from NPP calculation ''2

e

'
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L E.4- Results

The model described in Section E.3 requires the results of a nominal NPP
calculation. Some of the values used in the estimate are listed in Table
E-2. Columns 1 through 8 list the number, time of the transient, downcomer
pressure, vessel and steam generator side break flos rates, and the liquid
temperatures in the downconer and in the accumulator, and average void frac-
tion for the vessel, respectively. The Equations (E-15) and (E-35) have been
integrated by Euler's method.

The flow coefficients KVEe KJBe KVJ and KAJ in Equations (E-20),
(E-22), (E-23) and (E-24) are estimated from the nominal NPP calculation re-

~

sults during the Refill Phase. The values of these coefficients varied during
> the Refill Phase and conservative values - ones which will lead to smaller

loss of the inventory and larger system pressure - were selected.

2K = 0.32 m (E-50)VE

K,3 = 0.41 m2 (E-51)

2K = 0.22 m (E-52)yy

2K = 0.02 m (E-53)AJ

The rate of condensation $yg is co:aputed by substituting downcomer
liquid temperature, accumulator liquid temperature, integrated safety injec-
tion rate and integrated accumulator flows (originated f rom the loss of
accumulator inventory) obtained from the nominal NPP calculation, into Equa-
tions (E-17) and (E-18). These values are summarized in Table E-3. In this
table, Columns 1 through 6 list the time periods, integrated ECC flow consist-
ing of safety injection and accumulator flows for the . three intact loops,
latent heat of vaporization, net condensation, and rates of condensation and
ECC injection.

The rate of N2 dissolution is obtained by substituting the NPP conditions
obtained from the nominal NPP calculation in the Equation (E-44). These
values are shown in Table E-4. The first column in this table shows the time
of the transient. The next five columns (2 through 6) show the accumulator
conditions pressure, liquid temperature, oaturation pressure, Henry's
constant and solubility of nitrogen in the ligd d, respectively. Similarly,
the last -five columns (7 through 11) represent the fluid conditions in the
cold legat pressure, liquid temperature, saturation pressure, Henry's con-
stant and nitrogen solubility in the liquid. The fluid conditions listed in
Table 4, along with the equations in Section E.3.2, are used to compute the
rate of dissolution of N . The rate of N2 emergence has been computed for six2
intervals. The void fraction in the downcomer will change slightly and is
computed from Equation (E-47). Table E-5 summarizes the results. There are
ten columns: the time of the transient, net accumulator flow, net emergence of
N;, net steam supplied to the downcomer, steam volume in the downcomer, densi-
ties of the steam and the nitrogen, mole fraction of nitrogen in the gas
space, new void f raction in the preser ; of N , and the rate of N2 dissolu-2 !
tion.
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TABLE E-2

LllhCA Flow Parameters from TILAC Calculation

'" E# "S1 "ECCDC,NPP o ,n ,v o.a.sg DC A A

No. See bar km/s km/s K K J kr _ kg

1 11.5 305 0.0

2 12.1 34.5 3612 1127 515 305 780 76 860

3 18.1 7.35 3599 74.6 394 305 15360 544 15900

4 22.9 3.15 -5.0 295.8 362 305 28980 1666 30670

5 23.8 3.29 -43.6 58.5 354 305 31530 1960 33490

6 26.1 3.07 -84 -14.0 348 305 37290 2646 39940

7 29.5 2.72 -113 -788.2 355 305 45300 3771 49070'

8 33.5 2.91 -66.7 5.50 348 305 53670 5130 58800

9 37.6 3.04 -42.9 -676.3 352.4 305 61920 5540 68560

10 39.6 3.54 35.9 81.6 342 305 65550 7365 72920

*

[ AIn ={f in dtg A
11.5

[ Am =[[ a dtgy gg
11.,0

E"ECC *E"ACC* "S1
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TABLE E-3

Estimated Condensation Rates in the Nominal NPP Calculation

Time Per?,od
AmECC(t "L ) h as AE E! 2 g ECC

0.- kr 194ks A M M

12.1-18.1 15040 1955.5 1376 229 2480

18.1-22.9 14770 2154 500 104 3110

22.9-26.1 9270 2154 216 67 2900

26.1-29.5 9130 2154 197 58 2685

29.5-33.5 9730 2154 210 53 2430 I

'33.5-37.6 9760 2154 205 50 2380 I

!

i

I

i

?

>

i
1

4

~

<

[

,

6
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TABLE E-4

Estimates of N2 Solubility

ACCUMULATOR COLD LEG
TIME

SEC T "*t' "*
br K at N2 bar K atm 2

ba b

12.1 41.2 305.5 0.047 9.55x10" 4.3x10-" 34.7 484.5 19.5 12.6x10" 1.2x10-"

18.1 27.33 305.5 0.047 9.55x10" 2.8x10-" 7.27 336.3 12.2x10" 5.9x10-5

22.9 21.25 305.4 0.047 9.55x10" 2.2x10-" 3.33 324.6 0.13 11.4x10" 2.8x10*t

23.8 20.37 305.4 0.047 9.55x10" 2.1x10-4 3.20 319.3 0.10 11.0x10" 2.8x10-5

26.1 18.48 305.4 0.047 9.35x10" 1.9x10-" 2.73 314 10.4x10" 2.6x10-I

29.5 16.5 305.3 0.047 9.55x10" 1.7x10-" 2.6 322.6 11.2x10" 2.3x10-5
.

=

33.53 15'.08 .105. 2 0.047 9.55x10" 1.6x10-" 1.66 332 0.19 12x10" 1.2x10-5

37.6 13.6 305.1 0.047 9.55x10" 1.4x10-" 2.85 321 0.11 II.2x10" 2.5x10-5

39.6 13.05 .305.1 0.047 9.55x10" 1.4x10-" 3.49 330.2 0.17 11.8x10" 2.8x10-5

* P=HK Henry's Law
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TABLE E-5u
,

Estimated Volume Fraction and Rate ,.c Dissolution of N 2
,

= -- --

**
TIME A*A Amy " steam v,DC steam N "NE O g- 1,N22 2 2#

3 3 3SEC kg - kg kg m kg/m kg/m kg/s

11.$ 17.4 27.1 0.0 0.97------ - - - - - - - - - '----- - - - -

12.l 787 0.25 667.5 25.66 17.4 27.1' O.00014 0.97 'O.42

i, . i

d 22.9 28,980 '12.2 .5057 5 16.0 1.57 2.44 0.0017 0.60 1.1
. 1

,

'

'23.8 31,530 13.1 5070 14.83 1.57 2.44 0.016 0.57 1.0
|
'

33.5 53,670 19.4 5070 10.22 1.5 2.33 O.163 0.46 0.65 ;

' ;

-39.6. '6s.550 22.2 5070 2.0 2.16 3.36 0.22 0.097 0.46'

'

,

L t t

Amf =fm d t' . = Total ECC Injection, Accumulators Only jA ,

11.5 ' I
!

.g
,

Au */_m ut = Total N Emergedg .

N 2
2 211.5 ,

t

Am,g fm,g ,dt; = Total-' steam flow into DC from LPa

11.5' -

n = mole f raction = Vol N /(V 1 N2 + V l St**") (g 2
2 DC ,

326.48 mV =
DC

AMg (t ) - AM , Ill)2_ N '

' i,N : I: "'tl - i2 i
,

'

4- * Densities are obtained at the system pressure
** Obtained from,NPP calculation -

!
t
t
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l The effect of N2 on the condencation rate is computed from Equation
(E-46). The multiplier CMOD is computed' for the following conditions:

P = 3.0 bar, nN = 0.001..Psteam -2.997 bar, PN = 0.003 bar
2 2

3o ON * Dateam = 1.65 kg/m ,v 2

3p}- 1000 kg/m
3pN - 0.00257 kg/m ,

2

CM00=0.17[k]O.1

CMOD = 0.14 , a = 0.1

CMOD = 0. 21 , a = . 9

- 0.3 barand at Y = 3.0, nN = 0.01, Peteam - 2.7 bar, PN22

3psteam - 1.496 kg/m

8p - 1000 kg/m
g

3
py2 - 0.034 kg/m

CM OD = 0.128 [g*_,]0.1

ClGD = 0.1, a = 0.9

C MOD = 0.16, a = 0.9

The above calculations indicate that there will be a large reduction in
the condensr*. ion rate (-80%). For the purpose of a conservative estimate of
-the N2 efft c, it is assumed that there will be no condensation in the
presence of N '2

a = 0.0 (E-52)vi,N2

The Equations (E-15) and (E-35) are integrated by a first order Euler's
method and the predicted system pressure is shown in Figure E-3. The-system
pressure in the presence of N2 is higher. ~ Figure E-4 compares the total ECC
flows in the NPP calculation with the ECC flow predicted by the bounding cal-
culation. As expeted, the ECC flows in the presence of N2 are smaller. The
results are summarized in Tame E-6. The first column in this table is time,

Columns 2- and 3 show the system pressures f rom the TRAC calculation and f rom
the. bounding calculatiout and tM last two columns 'are the total ECC flow in
the intact loops as obtained 1 i the nominal NPP calculation (TRAC) and ' f rom

_

the bounding calculatiob- Th. ECC flow rates are used in Chapter 4 to
estimate the bias in the time period of the Refill Phase and in the PCT.

1
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. TABLE E-6>
,. ,

i, '

!;, , ,
M Integrated;ECC with and without N -y 24

q ; ..
- '-

, , -

| Aaje
Time .= NPPi. NPP,N2"s ECC- ECC,N2*

N.;t : bar bar kg kg
,

p' 12.1. 34.5 34.5 860 -860,

4. 18.1 17.35 11.23 15,900 12,145
c;

22.9 3.28. 7.29- 30,670 23,843"''

13
23.8 3.07 6.38' 33,490 35

26.1 3.07 4.61 39,940 31,773

29.5 .2.72- 3.51 49,070 40,100

3 3.'5 - 2.92 3.61 58,800 49,310

37.6 3.04 -3.28 68,560 58,610

AmECC (3 * * '~ A*ECC ( D}p ,

RECC " aa I )~ ECC (ED}'

ECC,N2
- .

'"ECC " ' }{'
'

-

ECC.5

System PressureP =
NPP

,

'

'i ' ,

; ;:
,q

hV,1

i't:

.t

'I|
;.

.
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WGWWCIATURE FOR' APPENDEE E 'b ",
,

.C ' Concentra' tion, kg per' kg 'of- solution

Multiplier for;N ;effect on condensation
~

CHMOD . 2

'h- IEnthalpy-

Lh ~ Latent heat'of vaporisation
f

H Henry's cnnetant

K YAow.csofficient ,

'i kate of condensatic:.1g,

n" m Mass

a .

Molecular weight
. . - - -

M -

t

ni . Mole fraction. , -

P Pressure ,

i

Reactor power;q g;
i

-Q ' Volume flow rate

ECC.
- 2 and with NR a e am un 8 2

t Time
n

',Tf fTemperature

1V- Volume

-W- ' Mass flow rate-- ,

t }
X . Solubility, mole per mole of solution

-!

' Greek' '

,

a Volume fraction
iy

yr :p. Density
,

y Ratio of specific heats !
, , _

m
!
i

*
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S0bscripts , ,

'

cp ' 'i A; Accumulator; ,

" B: Break

' BR. BreakJ

?CL Cold . Leg :

, CON . Condensation ,

i DC - Downcomer-

ECC~ Emergency Core Coolant

. H 0' Water?2

i Inlet

J Junetion Volume!(Figure E-1)

1: Liquid:

N , Nitrogen2

NPP Nuclear Power . Plant .

0 Outlet:

S System-

'SG Steam Generator

SI- Safety Injection

at Vapor

V Vessel

,
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