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ABSTRACY

The U.§. Nuclear Regulatory Commissior (USNRC), {ts contractors and
consultants have develuped a methodology for evaluating Code Scaling,
Applicability and Uncertainty (CSAU). The CSAU method is systematic, practical
and suditable, ard it has been demonstrated by applying it to the TRAC-PF1/MOD1,
Version 14.3 code and its analysis of a Large Break Loss of Coolant Accident
(LBLOCA) for a Westinghouse four-loop plant. In applying the methodology, the
accident course is divided into three different phases, namely: Blowdown, Refill
and Reflood. There are two distinct peaks in . he 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 phenomens affecting the
pefill Phase as the clad temperature continues to rise almost adiabatically
during the Refill phase. gpecifically, the second 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 from eys*ematic errors (hiases) associated with the modelling
of the ECCS and dissolved nitrogen, and tre application of this method in
estimating biases in the Reflood Phase PC. (second PCT) predicted by the
TPAC/FF1/MOD1, Version 14.3. The bias in the second PCT due to the uncertainty
in the existing code models for ECCS related phenomena ie -19°K (-34°F). The
negative bilas implies that the code models for this phel owena are conservative,
The Lias in the second PCT due to the lack of modelling ~f dissolved Ny, in the
code is estimated to be 9.9°K (17.8°F). The positive las implies that the
absence of dissolved Ny model makes the code prediction of PCT non-conservative,

™e Lias estimation in this report is a major exception among all other
uncertainty a'd bias sssessments performed in conjunction with *he 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 tcom small size facilities were also svailable and an
estimate of bias based on theve data will be conservative,




EXECUTIVE SUMMARY

lutroduction

The Large Break Loss of Coolant Accident (LBLOCA) is a design basis
accident for licensing purposes. The licensee is required to demonstrate that
during & hypothetical LBLOCA the emergency core covling system (ECCS) will
proevide adequate core cooling to prevent damage to the fuel 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
vemperature, is quantified with a high level of confidence.

The USNRC has developed a methodology [TPG, 1989) for evaluating Code
Scaling, Applicability an. Uncertainty (CSAU). Th.s method was demonstrated by
applying it to the TRAC-PF1/MOD1 Version (14.3) code and by i*s analysis of
LBLOCA for a Westinghouse four-loop plant (TIG, 1989]. In applying the
methodology, one divides the accident course into three different pha 'es, namely,
Blowdown, Refill, and Reflood. There are two distinct peaks in ciad tmpera‘uvre
history, one in the Blowdown Phase and one in the Reflood Phase. The “eak Clad
Temperature (PCT) of the Blowjown Phase is governed by fuel characteristi s [Shaw
et al., 1988; wulff. 2567). 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
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 Ny-related phenomena and a’so deals with the effect
that the modeling of these phenomena has on the PCT of the Reflood Phase.

Qbjective of the Research Program

The objective of the analysis describeld 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.

specifically, as part of a CSAU application, the purpose is to estimate the
biases in the TRAC-PF1/MOD1, Version 14.3 prediction of PCT in the Reflood Phase
due to:

1) uncertaint ies in modeling ECC Lypass phenomena in the downcomer and
lower pleaum, and

2) the lack of a model for dissolved nitrogen Nj.

The biases in °CT to be estimated arise from systematic modeling errors in
TRAC causing errors 'n the prediction of the time at which, after blowdown, the
lower plenum is again €ull of liquid delivered by ECCS. This time occurs at the
end of the Refill Phas® anl) the beginning of liquid injection into the core,
which, in turn, terminat s the rise in clad temperature in and thereby controls
PCT. The bias estimate: developed in this analysis are used to shift the
probability distribution of PCT uncertainty as obtained from the statistical
analysis of stochastic uncertainties (TPG, 1989].
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Summary of Frocedure

During the Refill Phase, the core iy void( ] and the cladding heats up until
the lower plenum is full of liquid and some of the liquid begins to enter the
core, The bias in the PCT prediction is due to the bias in predicting the
durstion of the Refill Phase. The longer the Refill Phase lasts, the larger will
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-Bypaes Periced. The net bias in
predicting the duration of the Refill Phags (i obtained from predicting the sum
of the four bisses. The bias in the PCT is then estimated by wultiplying the
total bias in the duration predicted for the Refill Phase by the average clad
heatup rate during the Refill Phese. The heatup rate is obtained from the
reference calculation of the plant, using the TRAC computer ¢ «e.

Bias Due to ECC Bypass Phenomena Modeling

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, 1088b, 1988¢; Wolfe, 1988a, 1988b), which
models the upper plenum and downcomer components of & reactor vessel without
scale distortion. We have estimated the three discrepancies in the prediction
of (i) the ~-itical steam-flow rate (i.e., the steam flow rate below which there
would be liquid delivery to the lower plenum given sufficient time), (ii) the
delay in the delivery of liquid to the lower plenum from the time of injection,
and (i41) 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
FPhase time period, as explained above. No corrections are needed to account for
scale distortion in the test data.

Sdas Due to the Lack of a Model of Dissolv i N,

The Nj-related bias in PCT is obtained by developing a separate model of
the reactor system, accounting for the effect of the dissolved N;. This {is
accomplished by performing a TRAC calculation for UPTF Test 6 conditions with and
without Np injection., The bisses in the durations of the four periods listed
eatrlier are estimated from the effect of Ny on the critical steam flow rate, on
the delay in delivery of liquid to the lower plenum, and on the rate of liquid
delivery to the lower plenum. This bias in the prediction of the duration of the
Refill Phase is obtained by summing the four biases. The bias in PCT {is
eetimated by muitipying the cladding heatup rate by the bias in the Refill Phase
period. Again, no corrections are needed to account for scale distortion in the
test data.

Summary of Resultis

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 bLypass phenomena and, relative to ECCS effects,
predicts PCT too high. This bias will be subtracted from the overall PCT
uncertainty.
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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 &nd the downcomer region
of the reactor. The Counter Current Flow Period wes surprisingly emall (0.5 s)
and contributed only -1.2°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 biss in PCT due to the lack of modeling effects of dissolved Ny in the
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 Ny model would lead to a code prediction of a higher PCT. It is
recommended that a model of dissclved N; based on the variation in the
solubility of the non-condensable ges (i.e., Henry's model), be inc.uded in the
code. The code has & model of non-condensable gas, but it does not allow for
mass transfer of gae from or to the liquid phase.
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NOMENCLATURE

Code Scalability, Applicability and Uncertainty

DC Downcomer
JI% goc Emergency Core Coolant ﬁ
| ECCS Emergency Core Cooling System ‘
LP Lower Plenum .
?ﬁi m Inventory, kg }_%
i Filling rate %2
I B Bias in filling rate ‘
% PCT Peak Clad Temperature é
rcr Bias in Peak Clad Temperature )
PWR Pressurized Water Reactor | ’

‘ Rgec Ratio of ECC injectiun rates, without N and with Kp é
Rinlp Rati~ ~f predicted to observed lower plenum f£illing rates if

’ Rq Rates of predicted to observed durations of the Delay Period

% Ry . th Ratio of durations of Delay Period without Ny and with Np

Temperature
Time
Time at which lower plenum inventory is lowest
Duration of Filling Period, tg-t,
puration of Counter Current Flow Period, tg-ty

Time at which lower plenum is full, end of Refill Phase

Time at which steam flow to the downconer is equal to critical steam

flow rate

puratiun of Delay Period; tua-tp
Time at which the steam riow to downcomer ends

puration of No-Bypass Period, tp-tg



ty Time at which ECC injection begins

tia Duration of Bypass Period; t,-ty

tip Duration of Refill Phase, tg-ty

tip Duration of Complete Bypass Period, tp-ty
tij Duration, ty-ty

Oty Bias in time period ty,

Wge Critical steam flow rate

Subscripts

AB Lower plenum Filling Period

AE Counter Currint Flow Period

A Point on clad temperature history curve

act Actual or expected for PWR

B’ Point on clad temperature history curve
c Claa

CL Cold Leg

DA Delay Period

EB No-Bypass Period

exp Experimental

1B Refill Phase

1D Complete Bypass Period

LP Lower Plenum

mLP  Lower Plenum filling rate

N, N, dissolution considered (Chapter & only)
NFP  Nuclear Power Plant

pred Predicted or calculated

SET Separate Effects Test

th Based only on calculation
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1. INTRODUCTION
1.1 Backgreund

The Large Break Loss of Coolant Accident (LBLOCA) is @ design basis
accident that must be analyzed for licensing purposes. The 1iceisee has to
demonstrate that during & hypothetical LBLOCA the Emergency Core Cooling System
(BCCS) vill provide adequate cooling to the core and prevent damage to the fuel
cladding. With inadequate core cooling, there is & possibility tor core heatup,
oxidation of the zirconium fuel rod cledding and cladding rupture, leading
eventually to a release of radistion into the reactor vessel.

In 1974, the USNRC set up rules for sssessing the performance of ECCS for
light water reactors under LBLOCA conditions. These rules consist of acceptance
criteria, listed in the Code of Federal Regulation, Title 10, Section 50.46 (10
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) compute:r 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 fur analyzing the ECCS performance, the 1""RC approved a
revision of 10CFRS50.46 and Appendix K in August, 1988 [USNR., 1988). The
cevisions, which lead to the analyses reported here, require thait the
uncertainties arising from the prediction of ECCS petrformance and impacting on

safety (PCT being the most important parameter for safety), be quantified with
a high level of assurance.

The CSAU Metbodology

To provide a technical basis for the revision of the ECCS evaluation
methodology, the USNRC, its contractors and consultants developed & general
method of quantifying the uncertainty in the code predictions [TPG, 1989). This
method is called Code Scaiing, Applicability, and Uncertainty (CSAU) evaluation
methodclogy. 1t provides & structured, eauditable, 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
lestinghouse four-loop Pressurized Water Reactor (PWR), using TRAC-Prl1/MOD1,
version 14.3 [TPG, 1989). The codr was used to predict PCT for the accident.
The CSAU methodology was used to eo..imate the uncertainty with a 951 level of
confidence for the TRAC code prediction of PCT. The predicted PCT plus its
uncertainty must bLe less than the permissible value of PCT (2200°F). The
difference 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.




1.2.1 Contributicons to Uncertainty

Computer codes to predict of 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 eolide, a set of intrinsic constitutive relationships for
material properties of gases, liquids 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
and the nodalization scheme used. The uncertainty in the prediction can arise
from an inadequate formulation of flow models, inappropriateness of some ot the
con titutive relationships, insufficient detail in the nodalization, the
approximation i~ 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
sceled test facilities, 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 reactur's conditions arises from the imprecise knowledge of
the reactor's initial conditions, fuel composition and geowetry 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 DRescription of CSAU Methodology

The CSAU methodology (TPG, 1989) consists of 14 steps which are organized
in 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
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 the
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., 1988). This part of the methodology consists of
selecting a matrix of Separate Effects Tests (SET) and Integral Effect Tests
(TET) (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
nodalization for the nuclear power plant (NPP) representation, thereby accounting
for all the important phenomena. Nodalization for the SET and 1ET calculations
must be the same as the nodalization used in the NPP calculation. The
fdentification of the -ode parameters which model the important phenomena, and
the ianging of the pavaneters on the basis of their uncertainties and stand-alone
calculations are pertormed 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 accideit nor the fuli-plant size, the range of the parameter has
to be modified to coiservatively account for the scale compromises. This
modification is perfirmed in Step 10. The 1ET calculations provide an
independent check on .he overall incertainty in the predicted safety parameter
(Steps @ and 10).
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The third group (Steps 11-14) is called Sensitivity and Uncertainty
Analysis [Lellouche, et al., 1988). 1In Step 11, NPP calculations are performed
to predict the sensitivity of the safety parameter to the perturbed ¢8%pe of the
modeling parameters. The range of perturbation is determined from the range of
the model ing 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 tune modelling parameters in the code, governing an
important phenomenon, have systematic errors either duc to the lack of a data
base, or due to artificial constraints, the cnde 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 1?2. The uncerteinty in the safety parameter is documented in the last step.

1.2.3 Application of CSAU Methodoloay to LELOCA 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/MOD1, 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,

he 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 Refloud Phases. The Blowdown Phase is the period during which the
system depressurizes, &8s 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.

The 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
phenomene 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, consejuently, the
duration of the Refill Phase. During the Refill Phase, the cladding continues

to heat up: heat-up ends when the lower plenum is full and the coolant is
entrained into the core., Any uncertainty 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 eftect of any
non-condensable. The estimates of these contributions are the subject of this
report.,




1.2.3.1 Bias in ECC Bypass FPhenomens Prediction

The bypass phenomena are modelled in TRAC by seven sets of code parameters;
namely, the parameters defining flow regime maps, interfacial area density,
interfacial shear coefficie ts, interfacial heat transfer coefficients,
entrainment, wall friction, end wall heat transfer coefficients. The wall
friction and wall heat transfer will have lesser influence on the bypaes
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. PFurthermore, because
these systemat ic modeling errors do not have stochastic distributions and cannot
be ranged, their contribution to the uncertainty in predicted PCT cannot be
included in the probability distribution of PCT uncertainty.

Instead., the biss in PCT due to the systematic modeling errors will be
estimated by first computing the bias in the lower plenum filling rrce from the
simulation of a full-scale Separate Effects 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.

1.2.3.2 Bias Due to Lack of Model for Dissolved N, Model
During the Refill Phase, Emergency Core Coolent (BCC) flows from the

accumulators into the cold legs. The ECC liquid in the accumulator is saturated
with dissolved N;. The dissolution of N occurs because of depressurization.

The N, emerging from the ECC liquid affects the filling rate of the lower plenum
by displacing liquid from the cold legs to the downcomer, by reducing the
condensation rate, and by causing the reduction in ECC flow. The TRAC code does
not heve 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 {e¢ converted to & bias in PCT by multiplying the

bias in duration by the clad heat-up rate. The resulting PCT bias is used to
ghitt the PCT uncertainty distribution,

1.3 Report Organization

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
N, when the TRAC code is applied to calculate a LBLOCA for a Westinghouse FWR,
The report has five chapters and five appendices, Chapter 2 describes the
objective of the task, Chapter 3 describes the procedure and its app'lcation in
estimating the PCT bias due to deficiencies in the ECC bypass model; Chapter &
describes a procedute and its application of estimating PCT bias due to the lack
of a model for dissolved Ny, and, finally, Chapter 5 provides the summary and
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 UFTF with TRAC (Appendix B), the input deck for UPTF
code simulation (Appendix C), the method of obtaining UPTF lower plenum filling




rate from TRAC predictions (Appendix D) and, lastly, Avpendix E desct.bes the
procedure of estimating the dissolution rate of Ny and its effect on the ECC flow
rate.




2. OBJECTIVES

The objectives of the work repcrted here are the following:

b 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

(1) ECC bypass hydraulics, and
(i4) effects from the release of dissolved nitrogen from the ECCS,

8. To apply the above method to the TRAC-PF1/MOD1, Version 14.3 code,
ae it is used to analyze an LBLOCA for a Westinghouse four-loop PWR.

Specifically, the purpose is to determine the effectes from existing
modeling uncertainties and scale distortions on Peak Clad Temperature (PCT), as
well as to find PCT uncertainties and biases from stochastic and systematic
errors in av ncomer modeling. Such bisses can be added by statistical methods
[TPG, 7°9) ‘' the T uncertainties arising from modeling errors associated with

3 e

the ¢ de rrrwac.ion of all other phenomena related to LBLOCA.



3. BIAS IN PCT FROM THE MODELLING OF ECC BYPASS PHENOMENA

The BECC bypass phenome ~a result from the interaction of downcomer flows,
cold leg flows and break f  w». These flows are governed by the combination of
interfaciai momentum trcasfer, 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, interfacial shear coefficients, interfacial heat transfer coefficients,
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).
Thersfore, 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 interfacial and
wall interactions. Therefore, 4t is not possible to isolate uncertainty
distributions or biases of parameters, based on downcomer flow tests. Therefove,
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
Refill Phase and the division of this phase into four phenomenologically distinct

periods.

3.1 The ECC Bypass Phenomena

During LBLOCA, the system depressurizes because of coolant loss through the
break(s). Depressurization causes vapor generation by flashing in the core, the
lower plenum, and the downcomer. The core e=~*ies quickly while the lower
plenum and the downcomer continue to produce steam. Figure 3.1 shows & schematic
of plant conditions calculated approximately nine seconds after break. The
accumulators, which provide the bulk of the EZC fluids, start injecting cold
fluid in the cold legs when the nystem pressure decreases below 40 bar. However,
initially, there is sufficient steam being 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 conditions 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 after 20 seconds
from the start of the transient. Around 24 seconds, there is some accumulation
in the top of the downcomer. Figure 3.5 shows a rapid &ccumulation of ECC in the
downcomer and the lower plenum as the steam flow in the dowo” omer decreases. The
cold BCC 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
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Figure 3.1 Expected Conditions in a PWR System at 9
Seconds After Rupture (Shaw, et. al., 1988)
(BNL 1-361-90)

Figure 3.2 Expected Conditions in a PWR System
at 14 Seconds After Rupture (Shaw, et. al., 1988)
(BNL 3-164-90)
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Figure 3.3 Expected Conditions in a PWR System at
20 Seconds After Rupture (Shaw, et. al., 1988)
(BNL-1-365-90)
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Figure 3.4 Expected Conditions in a PWK System
)

at 24 Seconds After Rupture (Shaw, et al., 1988)
(BNL-1-363-90)
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Figure 3.5 Expected Conditions in a PWR System at
25 Seconds After Rupture (Shaw, et al., 1988)
(BNL=2+120-90)
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delivery increases, eventually becoming equal to the rate of injection, i.e.,
there is complete delivery.

During this Refill Phase the core is normally empty and the fuel clad is
heating up slmost adiabatically. However, when the lower plenum is almost full,
as shown in Figure 3.6, the liquid entere the core and begins to quench the fuel
rods, leading to a peak in the clad temperature history.

3.1.1 Four Pexdods of the Refill FPhase

The LOCA described gbove 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 faventory during the
transient. The Refill Phase nf LOCA begins at time ty, when the accumulator flow
starts and ends at time tz, .en the lower plenum is full. The duration of the
Refill Phase is typ. The clad temperature plot (Figure 3.7) shows that during
the Refill Phese, the clad heated up almost linearly in time and the temperature

turn-around occurred around time tg.

The Refill Phave is divided into two pericds; the Bypass Period and the
Filling Period, as shown in Figure 3.7. The Bypass Period begins at time ty and
ends at time t,, and ite duration is ty,. The Filling Period begins at time t,
and ends sy time tp, and its duration is t,y. The Bypass Period is fuither
divided into two Oquotiodl. namely the Period of Complete Bypass and the Delay
Period, as shown in Figure 3.7. The Period of Complete Bypass begins at time t;
and ends at time tp, and it duration is typ. The Delay Period begins at time tp
and ends at time t,, and its duration is tp,. The Filling Period is also divided
into iwo submeriods; the Counter Current Flow Period and the No-Bypass Period,
as shown in Figure 3.7. The Counter Current Flow Period begins at time t, and
ends at time tp and its duration is t,p. The No-Bypass Period begins at time tg
and ends at time tp, and its duration is tgp.

During the Bypass Period, ty,, the steam flow from the lower plenum in the
downcomet Jdecreases. This period ends when the lower plenum inventory begins to
increase. The boundary between the two subperiods in the Bypass Pe:iod is time
tp when the critical steam flow rate (Wp.) is reached. The critical steam flow
rate is the highest steam flow rate vh.ich 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
from either full-scale, or properly scaled, experiments. A schema‘ic of a
flooding curve is shown in Figure 3.8. The time tp corresponding to the ¢ itical
steam flow rate is cbtained from the computed curve for the rate of steam tlow
from the lower plenum to the downcomer. A schematic of steam flow rate curve is
shown in Figure 3.9. During the complete Bypass Period, typ, the steam flow rate
is higher than the critical steam flow rate and, therefore, there is no
possibility of liquid ¢  very to the lower plenum.

During the Delay Period, tp,, the rate of steam flow into the downcomer is

lecw enough to permit liquid delivery to the lower plenum. However, there is
a delay in liquid 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 t, when the liquid

«1%e
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Figure 3.6 Expected Conditions in a PWR System at
37 Seconds after Rupture (Shew, et al.,
1988) (BNL-1-367-90)
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Figure 3.9 Schematic of Steam Flow Racte From the Lower
Plenum to the Downcomer in the NPP




delivery to the lower plenum begins. Such a delay was observed in CREARE
{Crowley, 1987, 1988) and UPTF [Wolfe, 1988a; Damarell, 1988a) experiments.

The Filling Period, tap, is the period during which the lowcr plenum fills
up. This period ends at time tp when the lower plenum is full. The boundary
between the two subperiods is the time tg when there is no steam flow from the
lower plenum to the downcomer, &8 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 from 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 Principle of Bias Lstimate

Puring the Refill Phase, typ, 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 typ will result in a bias in the Reflood Phas. PCT.
The PCT bias OPCT is estimated as follows:

8PCT = (dT,/dt) » Bty (3.1)

where dT./dt and 6(13. are the average rate of clad temperature rise during
heatup and the uncertainty in the predicted duration of the Reiill Phase,
respectively. The average clad temperature rise is obtained from the hot rod
clad temperature history precicted by the code for the nominal conditions. The
approach is similar to the method suggested by ([Dam~vell, 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 = (Ty - Ty / (ty = 1) (3.2)

where Tp: . Tpory typro and t,: are the clad temperatures and corresponding times
ae shown in Figure 3.7. The only variable that remains to be determined in
Equation 3.1 is 5!13. which is the bias in predicting the Retill Phase duration,
Thus, the estimation of PCT bias is reduced to the <stimation of bias in the
Refill Phase duration.

3.3 Bias in Timj 'g.of Refill Phase

The bias in predicting the period of Re{ill Phase reduces to the biases in
predictiug the Bypass and Filling Periods as defined in Secticn 3.1. The Refill

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

=
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(3.3)

6“' - 6“4 + agu '

where Oty, and 6t,p are the biases in the prediction of the Bypase Period and the
Filling Period, recpectively.

3.3.1 Blas io Timing of Bypass Period

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

u = tp * tpa
(3.4)

6'[0 » 6"0 * atnA ’

where 6‘10 and &tp. are the biases in the "Complete Bypass® Period and "Delay
Period," re peuti-

3.3.1.1 Pias in liming of Complete Jsypass Period

The biae in this period is due to the uncertainty in predicting the
critical steam flow rate for the NPP. The evaluation of biar requires the
determination of the critical steam flow rate from the data obtained from full-
scale, separate effect tests in the Upper Plenum Test Facility (UPTF) under NPP
conditions. These separate effects tests are simulated with the code, by using
NPP-type nodalization. The predicted critical steam flow rate for this SET will
be the critical steam flow rate for the NPP calculation. The measured critical
steam flow rate (Wo. oyn) from the SET will be the actual critical steam flow
(wgc"ct) act for t%e NPg. Any discrepancy in the predicted and actual critical
steam flow rates (W c,pred @&nd Wo. a0p) will produce a bius in the code
prediction of the time, tp. The times tp and tp L., 6 corresponding to the
critical steam flow rates W c,pred 8nd Wo. 4.p, respectively are estimated from
the time plot of the rate J& steam flow from the lower plenum to the downcomer
obtained from a refe.ence NPP calculation.

The bias 8typ is computed as follows:

"""‘) ' (3'5)
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A schemstic 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 Bias io Timing of Delay Feriod

This period spans from the time tp to time t,. The time t, is the time at
which the luwer plenum inventory is the lowest and begins tn increase as shown
in Figure 3.10. The time span for this period is estimated from time t,, read
from Fipure 3.10 and time tp obtained from Equation (3.5).

(3.8)

The bias of this period is estimated by modelling with TRAC th. 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 tpa. The measured and pred: delays
are compared and the differenc~ between them is the bias in the Del Period.
As it is difficult to simulate the conditions in the NPP during the Delay Period,
a ratio, Ry, of predicted tpy nreg tO ohserved tpa exp fOr each steam flow rnte
in the SET is estimated and tgia ratio is a measure of the deficiency in the

code,

t
R i (_ga_m (3.9)
'lM.»xp SET

During the Delay Period, tpa, the steam flow yate decreases in the NPP.
Therefore, an average of th. ratios (Ry,) obtained from the many tests for the SET
is used for the application to NPP. Since the SET is properly scaled, an average
delay ratio <Ry>gpr estimated for the SET is also applicable to the NPP.

Therefore,
‘Rpp = (R (3.10)

10w
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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,
BCtpa = Coa,ace = Coa.pred
By combining Eqs.(3.9) and (3.10), one finds

{ R ) - r[\A<Efﬂd
' t 'NPP t
DA, act

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

DA, pred (R
t

6t}m ¥ )
NP¥

where G‘DA is the bias in the Delay Period and tpa act is the expected actual
duration of the Delay Period for the NPP.

1.3.2 ®ias in the Timing of the Filling Peried

The second part of the Refill Phase is the Filling Period which spans from
time t, to time tgp. During this period, the lower plenum fills up slowly at
first and then at the rate of the ECC injection. The time t, is obtained from
Figure 3.11, as explained before in Section 3.3.1.2. The time tp is reached when
the lower plenum is full. The time tp is read from the lower plenum inventory
curve obtained from a reference NPP calculation (cf. Figure 3.10). The time
period t,p is otbtained as follows:

(3.14)

The steam flow into the downcomer decreases and completely ceases at time
tg. This time, tg, divides the Filling Period into two phenomenologically
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 ' ases in
the prediction of two subperiods.




From:
'“ - '“ + 'u '

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

Btup = Biyp + Bty

where GtAz and ftpp are the subperiod biases for the Counter-Current Flow and No-
Bypass Flow Periods, respective'y.

3.3.2.1 EBlas Jo the Timing of the Counter-Current Flow Period

This period spans from time t, to time tgp. The time tg is obtained fro:-
the predicted steam flow rate curve shown in Figure 3.9. The duration of this
period is computed as follows:

'At.',' t‘ (3.16)

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 accumuiates 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 mo.entum transfer in the downcomer.

The discrepancy between the predicted and measured lower plenum filling
rates, Omyp, is defined via the ratio <Ry p> of the predicted (ﬁLP.ptcd) and
actual (mp o0.p) filling ratee, as
follows:

bm“’ ol mu"ﬂ w Mu"“ (3-17)

' Rovp 'nep,ae = Mip prea/ (Mip prea *+ OMp) . (3.18)

From the discrepancy in the filling rate one computes the bias in the
predicted duration t,p; 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 Counter-Current Flow Period to achieve the
same inventory in the lower plenum in both the reference NPP calculation and the
NPP.

Mp g~ Mup 4 = ml},pnd * L (3.19)
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= (Myp preg * OMy) + (g + Bty) (3.20)

where mp , and mp g ‘re the liquid inventories in the lower plenum at times t,
and tg, respectively.

The bias St,p is obtained from Equations (3.16), (3.17), (3.18), and (3.19)
and is shown here:

51“ » (( R“_’ >~”.Al oo 1) * ‘A‘ . (3-21)

The prodiction of bias in the Counter Current Flow Period is reduced to the
estimation of ratio <Ry p>npp, Ag: This ratio is obtained from the full-scale
Separate Effect Test (SET) facilities (UPTF) for the downcomer flows measured
under conditions as expected in the NPP during the Counter Current Flow Period.
Since ther. is no scale distortion in UPTF, one gets

( Rarr 'nep.ae = ' Rawp 'ser - (3.22)

The ratio <Ry p>gpr i obtained by modelling with the code the tests previously
conducted in the SET facility (UPT?) and by computing a set of ratios of
predictcd over measured lower plenum filling rates.

Rutp = Mip pred/ Mip, meas (3.23)

An average of all the ratios (Equation 3.23) in the set is computed according to
Equation (3.22) and this average ratio is appiacy to compute 6t,p according to
Equation (3.21).

3.3.2.2 Bias in the Timing of No-Bypass Period

The No-Bypass time Period is the last period (tgp) of the Refill Phase and
begins at time tp at which time the steam flow into the downcomer ceases and ends
at time tg when the lower plenum is full. The time tp is ootained from Figure
3.10 as the intersection of the TRA .predicted myp(t) curve with the horizontal
line corresponding to (myp)gy1)- The duration of this period is computed as

follows:

(3.24)

tep = Tp = 1

The bias in this period is due to the bias in predicting the lower plenum filling
rate or the :rror in predicting the distribution of ECC fluid between the lower
plenum and tie downcomer. The steps to estimate the uncertainty in the duration
of this period are the same as in the previous section. A ratio <Ry p> of the
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predicted snd the actual lower plenum filling rates is computed and it {s used
to estimate the bias in tgpp,

b'z. - (( R.u >N”u - 1) » '” ' (3.25)

where the ratio ‘Rﬁ.LP>NPP.EB i7" obtained from properly scaled or full-scale
Separate Effects Tests with conditions similar to the conditions expected in NPP
for No-Bypass Period.

\ Rur ‘weres = ' Ruwp lser - (3.20)

3.3.3 Total Bias in the Refill Phase

The bieses estimated in the Sections 3.3.1 and 3.3.2 are udded to provide
the bias in the Refill Phase.

Btip = Bty + Bty + Bty + Bty . (3.27)

Tle total bias 6&15 estimated in Equation (3.27) is used in Equation (3.1)
to estim te the b.as in PCT.

3.3.4 Requzed Information for Application

Application of the procedure developed in the previous sections (Sections
3.3.1 to 3.3.3) requires infurmation from the nominal NPP calculation and from
CEZTs for the downcomer tlow, The in .rmation needed and its source are
summarized here:

ty Time of ECC In,cct  a NPP Calculation/Accumulator Flow
tp (Wge) Time of Critical Steam Flow NPP Calculation/Steam Flo/ from
LP to DC
ta Time of Lowest LP Inventory NPP  Calculation/LP  Liquid
Inventory
tg Time ot End of Steam Flow NPP Calculution/Steam Flow from
DC LP to DC
tp Time When LP Full NPP Calculation/LP Liquid
Inventory
dTc/dt Rate of Clad Temp Rise NPP Calculation/Hot Rod Clad
Temperature History
ch Critical Steam Flow Rate Calculation/Stand alone DC with
Fixed ECC and Steam Flows
wgc.exp Critical Stean Flow Rate, SET
Exp
Rt.SET Retio of Delays From SET SET
Riw.P,SET Ratio of Filling Rates From  SET
SET
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The information from the SETs is used for evaluating the bias in the timing
of the Refill Phase.

3.4 Application

The methodology developed in the previous section is applied to the
TRAC-PF1/MOD1, Version 14.3 calculation of & 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.

The evaluation of the hias in the Refill Phase timing requiree a comparison
of the code predictions with the data from well-scaled or full-scale test
facilities simulating the downcomer flow during the Refill Phase. These tests
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 Pnase. They are: Integral Effects Test (IET) and Separate Effects
Test (SET). The 1ETs, such as LOFT, are scaled with power to volume scaling
method [Zuber, et al., 1990). While preserving the time scales and the mass and
energy distributione, such scaling distorts the downcomer flows. The downcomer
{in the 1ET has narrow gaps and therefore, does not accurately simulate the flow
regimes ~nd counter-current flow.

The SETs are designed to overcome the scale distortion in the downcomer in
the IET. The downcomer flow phenomena are affected by geometry such as that of
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 controlied in the SETs.
The procedure for bias assessment (described in Section 3.3) needs three
empirical parameters wgc.ex v Re sET and Rgyp, SET from the steady state tests
with constant steam flow and ECC injection rates. These paraneters can only be
obtained from SETs and therefore, only SETs will be considered. In the next
section, the available SETs for the downcomer fiow are described.

3.4.1.1 Available Data

A search through ¢he literature indicated that the data from five sub-scale
experiments and one full-scale experiment were available. The dimensions of
these faclities are listed in Table 3.1. 1In 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 columne list the actual dimension and the ratio of
these dimensions to the corresponding dimensions of PWR, for tne six SETs used,
{.e., the Upper Plenum Test Facility (UPTF), CREARE (1/%), Battelle Cclumbus
Laboratory (BCL) tests (2/15), BCL (1/15', CREARE (1/15), and CREARE (1/30)
respectively. All the facilities had four 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
test facilities [Crowley, et al., 1977, 1979, 1980, 1981; Cudnik, et al., 1977,
1978) covered va:riations in the steam or air flow rates, ranging from no liquid
delivery or complete bypass to full liquid delivery.




-qz-

Table 3.1 - Geometrical Parameters for Test Facilitjiese#«
UPTF CREARE (1/5) BCL (2/15) BCL (1/15) CREARE (1/15) CREARE (1/30)
PWR ACTUAL SCALE=* ACTUAL SCALE ACTUAL SCALE ACTUAL SCALE ACTUAL SCALE ACTUAL SCALE
VESSEL &.4m 4.87 1.1 0.8%m 0.2 0.518m 0.14 0.307 0.070 0.252m 0.066 0.152w 0.034
DIA
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 0.023
DC,HEIGHT 5.33m 6.64m 1.25 1.37m 0.257 0.82m 0.153 0.521 0.098 0.66m 0.086 0.22%m 0.043
LP,.DEPTH 1.94m 2.48m 1.28 1.52m 0.783 1.022m 0.526 0.508+%* 0.262 0.86m 0.443 0.528m 0.272
LP VOL.!3 29.6 24.9 0.84 0.94 ©.032 0.302 0.010 0.038*¢ (.0013 0.058 0.0019 0.0096 3x10°‘
COLD LEG 0.74m 0.75m 1.01 0.152a 0.2: 0.102m "~ 14 0.0%3 0.672 0.0476m 0.064 0.076m 0.1
DIA
Dcryp 0.168 0.154  ---- 0.168  ----- 0.165 ----- W s e il R s 0.5
. Scale is the ratio of the dimension of the facility and the disension of PHR.

e Dimensions are taken from sketch (Fig 1, BMI-1941, Wovember 1975).

bddd Data obtained from Crowle , et al. (1280).
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The subscale facilities were scaled with the linear scaling method [Zuber,
et &i., 1990). The gap size, vessel diameter and cold leg diamter were linearly
scaled from the PWR as shown in Table 3.1. However, the downcomer height and the
lower plenum depth were oversized. There facilities are not similer and do not
model the same flow ~henomena. Three flow regimes [Richter, 1977; Liebert, 1988)
are possible in the downcomer during the counter-current flow; falling films on
the wall, bridging of the films 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 facilities, 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
regi.es expected in the downcomer and it is impo-sible to estimate the
uncertain.y due *o scale distortion in the bias by ing the code. As an
illustration of the uncertainty due to scale distertion, four of the SETs
[Neymotin et al, 1988) were modelled with the TRAC code and the ratios (Rg p) of
lower plenum filling rates are shown in Figure 3.12. The TRAC code overpredicts
the LP filling rate for smaller facilities and underpredicts for the larger
facilaties. The code is conservative for the larger facilities. Therefore, an
estimate of bias (Equations 3.21, 3.25, 3.27) in the timing of the Refill Phase
on the bavis of the sbove smaller facilities can lead to both a small reduction
and an increase in the timing. The uncertainty in the bias in the PCT due to
scale distoertion of the SET could make the bias conservative. However, a
definite conclusion could only be reached on the basis of the full-scale UPTF

data.

Fortunately the data from a full-scale farility, 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
the bias.

3.4.1.2 UPIF Experiments

The procedure described in Section 3.3 requires data from Separate Effects
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 precluces any statistical
analysis.

Appendix A describes UPTF Test & and the procedure for analyzing the data.
These tests were modelled with TRAC-PFL/MOD1, Version 14.3 with the same
nodalization 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 Lhe delivery of ECC to the lowet
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 tc ths
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Comparison of Ratios of Predicted and Measured Lower

Pienum Fill Rates for Three Subscale Facilities and
UPTF Test 6

«28-



Table 3.2 - Summary of UPTF Results (Test 6)

EXPERIMENT TRAC

Run W fp bt ta  tia,uptF fp  t1  ta tra,uprr Rap  Re
kt/o kg/s 8 8 < kg/s 8 s s

131 400 419 43 49(S54)  6(11) 0 43 o o 0 ®
132 300 840 43 52 9 190 - 48 83 20 0.2 2.22
133 200 699 43 50 7 360 43 59 16 0.52 2.29
E88: 44D 30 4 wssses seess 0 43 ® ® AP e
136 100 64k 43 45 2 $12 43 50 7 0.7  3.50
<Ry p> = 0.5 (Runs 132, 133, 136)
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lower plenum. The last *wo columns indicate th. rstios of the predicted and the
meacrured lower plenum .(illing rates and the ra.los of the predicted and the
measured delay in the delivery of ECC fliid. 1hese ratios will be used to
estimate the bias in PCT.

In addition to the experimental data and code predictions for the UPTF
tests, one also needs results from the refirence NPP calculations, namely
accumulator flow rate (Figure 3.13), lower plenum liquid inventory (Figure 3.14),
rate of steam flow from the lower plenum to the downcomer (Figure 3.15), and hot
rod clad temperature (Figure 3.16). The next svction 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 Blases

Figure 3.13 shows the accumulator ficws in one of the intact loops from the
NPP calculation carried out with TRAC-PF1/MOD1, Version 14.3. The flow begins
at 11.5 seconds, which ie the beginning of the Refill Phase.

= 11.55 (3.28)

Times t, and tp are .ead from Figure 3.14 which shows the lower plenum
inventory from the NPP calculation.

ty=22.98 (3 %)

and
fpg» 33.5¢ (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 Bias o the Timing of thc Complete Bypass Period

The bias in this period is due to the uncertainty in predicting the
critical steam flow rate (W,.) and is evaluated from Equation (3.7). Full-scale
data are available from UPJ‘ 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
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
comple.e bypass will take place at an even higher steam flow rate. From the
available data one can only conclude:

Wee UPTF ep > 440 kg/s (3.31)
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ACCUMULATOR MASS FLIY (KGC/S)

Figure 3.13

Tiee (o)

Identification of t, from the Predicted Accumulator
Discharge Mass Flow Rate. (Nominal TRAC-PF1/MODI
Version 14.3 Calculation Performed by INEL in Support
of CSAU Methodology Demonstration) (BNL-1-368-90)
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Figure 3.14

Identification of t, and t_, from the Predicted Lower
Plenum Liquid Inveneory. ?Nominal TRAC-PF1/MOD1 Version
14,3 Calculation Performed oy INEL in Support of CSAU
Methodology Demonstration) (BNL-1-360-90)
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Figure 3.15 Identification of t_ and t. from the Predicted Steam Flow
Rate from the Lower Plenum to the Downcomer. (Nominal
TRAC-PF1/MOD1 Version 14.3 Calculation Performed bv INEL
in Support of CSAU Methodology Demonstiaiiz:)
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Figure 3,16 Identification of Taty Tpt, tar, and tgr from the
Predicted Rod 9 (Hot Rod) Clad Temperature (Nominal
TRAC-PF1/MOD1 Version 14,3 Calculation Performed by
INEL in Support of CSAU Methodology Demonstration)
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The crivfcal steam flow rate “gc.NPP for the NPP will be larger than for
any UPTF run reporvel) in Test 6, because the ECC subcooling and ECC injection
rate in UPTE Test € were lower than in the NPP nrediction as 8 own in Table 3.3.
These differencec imply that there is a large. condensation in the NFP, and a

larger steam fa.w rate will be needed for complete bypass in the NPP than in the
Jv'F Terv 6., Therefors,

w[t.NPP 4 wgr,UPTT.axp (3.32)

For a conservative #siimate of the bias in the PCT, & lower bound for
wgc.NPP is chosen from Fguetions (3.31) and (3.32):

W, nm = 440 kg/s (3.33)

The time tj corresponding to the critical steam flow rate in Equation
(3.32) is obtained rrom Figure 3.15, which shows the steam flow rate from the
lower plenum to the downcumer, as obtained from the NPP calculation.

(3.34)

The actual vaiue Wo. wupp ace °f the critical steam flow rate will be higher
than given in Equatien (3.32) and, as shown in Figure 3.14, the steam flow rate
the downcomer decrsises muncionically with time. The

from the lower plenum to
time, tp acr corresponding to Wgo nNpp got will cccur earlier than tp, i.e.,

5&';( MPP et 7 W,‘,m‘r , (3.35)

Therefore,
rD,art 3 e\l)

The blas in the Bypass Period is obtained from Eguation (2.7}, which gives

p = tpgu = tp COC S . (3.37)

The bias 6!10 is negative because of Equaticn (3.36) and can only raduce
the refill time period typ, and the PCY Therefore,

a conservative estimate is




Table 3.3 - Comparison Between NPP and UPTF (Full-Scale Facility) Conditions

NO. CONDITIONS NPP UPTF
1 STEAM FLOW FROM FLASHING IN LP FIXED FLOW RATE
LP Tu DC DECREASING WITH TIME
2 SYSTEM PRESSURE DECREASING INCREASING
3 BREAK FLOW RATE DECREASING INCREASING
4 ECC SUBCOOLING HIGH (~90°K) LOW (~50°K)
5 ECC FLOW RATE HIGH (~2500 kg/s) LOW (1500 kg/s)
6 COLD LEGS OPEN LOOPS LOOPS CLOSED AT
PUMP STHULATOR
7 NUMBER OF ECC FOUR THREE, NONE IN

INJECTION

BROKEN LOOP
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3.4.2.2 PBias in the Timing of the Delay Feriod

The duration tp, of the Delar Period is obtained from Equations (3.29) and
(3.34)

'm'22-98'17.58'5.4s . (3a39)

The delay ratio (<Ry>ypp) is obtained from Table 3.2 by averaging the last
three values of Ry in the last column.

(R, ypp = 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

Otpy = -3.4 8 . (3.41)

3.4.2.3 Bias in the Timing of the Counter-Current Flow Perded

The Counter-Current Flow Period spans from time t, to time tg. The time
ty is obtained from Equation (3.29). The time tgp is read from Figure 3.15 and
is:

The duration of this period is

lyg " tg ~14y=23.45-22.95=-0.55 . (3.43)

The filling rate ratio, <Ry p>npp,Ag: for the NPP is obtained rcom Table
3.2 by averaging the last three values of Ry p>LP in the eleventh column.

(R-u wer.ag = 0.52 . (3.44)
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The bies is estimated by substituting Equations (3.43) and (s5.44) into
Equation (3.21), and the result is

b'u. ’0-243 . (3-*5)

3.4.2.4 Bias in the Timing of the No-Bypass Period

The No-Bypass Period spans from time tg to the end of the Refill Phase at
time tp. The times typ and tp are obtained from Equations (3.29) and (3.42).
The bias in this perjod is due to the discrepancy in predicting the lower ‘'lenum
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 Ry ;p the ratio of the predicted to
measured lower plenum filling rates. The trend in this column shows that this
ratio increases with the decrease in the steam flow rate. The values of the
ratio (R; pp) were extrapolated down to zero steam flow rate and it is aseumed
that this value is applicable to the NPP. Therefore:

(R"U )NPP,”- 0.87 . (3-“6)

As the extrapolated value of the <Ry ;p> 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 following estimate of the bias is
obtained:

8ty < 0.05 . (3.47)

Therefore, a conservative estimate of the bias for the No-Bypass Period is:

8tgy = 0.0 5 . (3.48)

3.4.2.5 Total Blas in the Refill Phase

The bhias in the duration of the Refill Phase (GtIB) is obtained by
substituting Equations (3.38), (3.41), (3.45), and (3.48) into Equation (3.27).

Oty = -3.64 5 . (3.49)
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3.4.2.6 Bias do PCT

The Bias in the PCT is obtained from Equation (3.1). The clad heat up rate
(dT./dt) is estimated from Figure 3.15, which shows the clad temperature history
for the hot rod from the reference NPP calculation. The result is as follows:

dT,/dt - (83.3°K)/(33.5 8§ - 17.58) = 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

SPCT » -19°K(-34°F) . (3.51)

3.5 Conclusions

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

The Refill Phase was divicded into four phenomeno'ogically different
pericds. The larges. contribution to the bias is from the Delay Period
(=17.7°X) during which the ECC i: accumulat‘ng in the cold legs and the downcomer
region of the reactor. The Counter Current Flow Period was surprisingly small
(0.5 8) 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.
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4. LACK OF MODEL FOR DISSOLVED N, AND RESULTING PCT BIAS

N; is & non-condensable gas which is present in the accumulators in the
form of & free gas above 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 N, emerges from the solution,
This dissolution of the N, will affect the hydraulics 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/MOD1,
Version 14.3 code, which is being used here to simulate LBLOCA, does not have a
model for dissolved N, and, therefore, cannot account for its effect on the PCT,
The lack of a model for an important phenomenon is a syetematic 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 N, on the
thermal hydraulic behavior of the Refill Phase and a procedure for estimating the
bias due to the lack of a dissolved N, model in the code.

4.1 Effect of N _on the Refil)l Phase

The accumulators have ECC liquid in equilibrium with N, in the gas space
at a pressure of 40 bar. Therefore, there is dissolved Np 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 N, in the coolant is lower in the cold leg than in the
accumulators. This drop in the solubility will cause some of the N, to emerge

in the cold legs and in the downcomer. However, the amount of N; emerging in the
cold legs will decrease as the N, solubility in the accumi iator decreases during
depressurization of the accumulators. The N, escaping from the ECC in the
accumulators collects above the ECC level in the accumulators.

The presence of the emerging N, in the primary system will lower the system
depressurization rate by reducing the condensation rate through a decrease in the
interfacial 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 ., a lower rate of safety
injection and lower accumulator flows than in the situation without Njp. The
additional volume of N, 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 N, on the PCT will depend on the relative
strengths of these two effects. The analysis for predicting the expected amount

of Ny 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.




4.2 Principle of Uncertainty Estimation

The principle here is the same as that described in Section 3.2. The bias
in PCT due to the omission of modelling dissolved N, effects is estimated by
first computing the bias in the predicted duration typ of the Refill Phase due
to dissolv:* Ny, Next, the bias in the time period is converted into a bias in
PCT, by multiplyirs the time bias with the average time rate of temperature rise
“f the hot rod cla . during the Refill Phase (Equation 3.1). Thc refill duration
t,p is computed from the time at which the ECC begins to the time at which the
iower plenum is full as shown in the Figure 3.7. The clad heatup rate is
obtained from the code-predicted clad temperature history:

The PCT Uims arising from the omission in TRAC-PF1l of the modeling for N, effects
is, therefore:

dT
8PCT,, = m“bt,,,,,,a ) (4.1)

where Styp y, and dT./dt are the bias in the Refill Phase duration and the clad
heatup rate,“respectively.

The approach taken here consists of the following four steps, using the
nominal NPP calculation:

B Estimate the amount of N, which would have emerged if the code had
a model for dissolved Nj.

2. Estimate the effect of the N; on the condensation process.

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 (s. umulator
flows and safety injection rates) during the Refill Phase in the
presence of Nj.

b, Compute the effect of new ECC flows on the timing of the Refill
Phase.

The bias in the Refill Phase duration is computed via the timings estimated
from a separate calculation and obtained from the nominal NPP calculation.

4.3 Estimation of N, Modeling Bias in Refill Phase

The procedure is that used in Section 3.3. The Refill Phase is divided
into two periods, shown in Figure 3.7. The first period, tgu, is the Bypass
Period, and the second period, t,p, i3 the Filling Period. The effects of Ny on
these periods are summed to yield the bias in the Refill Phase.
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This period consists of two distinct sub-periods, namely, the Complete
Bypass Period and the Delay Period, as described in Section 3.1.

The bias in this period ty, ie computed from the estimates of the biases
in the sub-periods typ and tp,.

Btun, = 1o, * 81p, o,

Bias dpn the Timipg

The time (ty) of the initiation of the accumulator flow is not affected by
N, dissolved in the ECC. The critical steam flow rate, which is the maximum
steam flow rate at which there is ECC delivery to the lower plenum if sufficient

time is evailable, changes in the presence of the N, and this affects the tim"
(tp,N,) st which the Period of Complete Bypass ends.

The time tp y, is estimated from the steam flow rate curve obtained from

the nominal NPP rilZulltinn. This curve is shown in Figure 3.15.

'D.N; b '("’an)

wh W

ge and Woc, N2 are critical steam flow rates without and with N; present.

The uuration of this pericd with and without the presence of Ny and the blas are
estimated as follows:

wo.w, = 'o.n, -




and

%N = twn ~tw (4.8)

where Styp y, is the bias in the Complete Bypass Period due to the dissolved N;
effect.

4.3.1.2 Bias in the Timisg of the Delay Period

During the Delay Period, tp,, the steam flow rate is less than the critical
steam flow rate and there is accumulation of the ECC in the downcome: and the
cold legs. There are two opposing effects of Ny on this period. The emerging
N, will displace the 1igr‘d and will push liquid into the downcomer and also into
the lower plenum, This effect will tend to reduce *he time span of the Delay
Period and therefore, the duration of the Refill Phase and the PCT. The second
effect of the Ny is to slow down the cepressurization rate and therefore, reduce
the ECC flow rate (accumulator flows and safety injection). A reduction in ECC
flow rate will cause an increcse in the durations of the Delay Priiod and Refill
Phase, and in PCT. The bias in tp, is the sum of the biases due to these two
effects.

a'm..v, " a'm.x.u, y 6'm.a.r«v, ' (4.9)

the first of the two biawes of the right hand side of Equation (4.9),
Stpa.1,N, I8 due to the effect of N, on the sccumulation of the ECC in the
dovnconoi for the same ECC flow rates. This bias is estimated from & ratic
<Ry (> of the code prediction of this time period, with and without the presence
of N,, for same ECC fleet rate and NPP conditions. The ratio is called the delay
ratio.

t
(R g -9‘-"-3'—"-! : (4.10)
o4

The bias, G‘DA.I.Nz is related to the delay ratio in Equation (4.10) as follows.

8%pa. v, = Toaan, = Toa (6.11)
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e tpt (R &) -1) . (4.12)

The second bias Stp, o y, of Equation (4.9) is estimeted from the retio
Rgee of the ECC flow rates in fhe NPP calculations with and without Np. It is
assumed that the ratio of ¢he rates of *he ECC accumlation in the cold legs and
the downcomer with and without Ny is equal to the i1atio of the rates of ECC flow
rates with and without N,.

m
R . lee (4.13)
Myce w,
- ...'_"_u'Q.ELL- / (4.14)
M pe.cLi N,

where fpce j, and Jdgoe are the ECC injection rates with and without Ny, and
h(DC*CL) N ﬁ\d i poecy,) are the rate of ECC accumulat.on in the cold leg and the
downcome} alth and without Ny,

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

8tpazn, = toa * (Rgee=1) . (4.185)

The bias for the Delay Period duration is obtained by adding t'e biases
from Fauations «.12 and 4.15.

4.3.2 Blas dn the Timing. fox the Eilling Period

This period begins with the initiation of the recovery of the lower plenum
inventory at time t, and ends at time tp when the lower plenum is full as shown
in Figure 3.7,

The major effect of the N, is to slow the depressurization rate and to
decrecse the rate of ECC flow. Any decrease in the ECC 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 Ny will bLe positive. This bias is
estimated from the rat.o of the predicted ECC flow rates with and without Np.
The assumption here is that the ratio of the lower plenum filling rates, with and
without N, is equal to the ratio Rpge of the ECC flrw rates. The bias in this
period is computed from
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San. = tann, ~ (4.16)

where
ty » B ZM04 (4.17)
mp
¢ e Pure = Mipa (4.13)
e Mup N ‘
)
and '.'.

ind where mp o and mp p are the lower plenum inventories at times t,
and t}"“ and iy p are the average lower plenum Filling Rates during the Filling
) vlah and without the presence of N;, respectively. The lower plenum

Peric
filling retes are estimated from the ECC flows as follows:

R o Mpcc (4.13)
€ Mgee, n,

. M (4.19)
Mup. N,

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

Rgcc and the duration of the Filling Period t,p obtajned from the NPP
ca?culation. An expression for this bias is obtained from the manipulation of

Equations (4.16) to (4.1%) and is
o (4.70)
6'“.~‘ 'A. . (R‘CC 1)

4.3.3 Total Bias in the Timing of the Refill Fhase

The total bias in thy perini of the Refill Phase is obtained by

substituting the biases for the tiiree pericds as given by Equations (4.8), (4.9),
and (4.21) into Equations (4.3) and (4.2). The bias in the PCT due to the lack

af Ny modelling in the code is obtained from Equation (4.1).
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4.4

Auzplication

The procedure developed in the previous section 1is applied to the
TRAC-PF1/MOD1, Version 14.3 prediction of PCT for a LBLOCA in Westinghouse four

loop plant

The procedure requires nominal NPP calculation resulte 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, 3.15, and 3.16 Beside the nominal NPP calculation (he
procedure also needs values of critical steaw velocity (VG('Nz) in the presence
of Ny, of the delay tatio <Ry 42, and the ECC flow ratio, Rgpe, The next
section describes the analysis performed to obtain these parameteis.

4.6.1 Supparting Aoalysdi

A separate mode]l for the NPP was developed. The model consisted of a
single volume representation for the primary side of the reactor excluding the
accumulators, *wo volumes representing the intact loop accumulators and one
velume for the broken loop accumulator. The model used the results of the
nominal NPP calculation. The deta'ls 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 HPP
caleulation and from the separate model. The average ECC flow rate prediction
with N, exrfects accounted for is lower than the average ECC flow rate predicted

in the NPP calculation without accounting for Np. Table 4.1 summarizas the
integrated ECC flow during the Befill Phase _s predicted by the separate
calculation and in the reference NPP calculation. in this table, the first

column is the time of the tronsient, the second and third columns show the
‘ntegr .ced ECC .ames flows from the NPP calculation and from the separate
col .lation. The :atio of averay: ECC flows, <Rppe>, is 1.14.

In addition to developing a separate model, accounting for the Ny-effect
on the NPP responsr, the UPTF Test 6 was also modelled with the TRAC code, but
without Ny injection. The actual tesis had a separate N; injection of 1 kg/e,
to simulate etfects from dissolved N,. However, 1 kg/s is only an estimate of
the emergence rate of Ny in the PWR during the Refill Phase. The calculations
for UPTF Test 6 with and without N, provide information about the effect of Ny
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 summarized in Table 4.2,
The first column indicates the run numbers, the second column shows the steam
flow rates, and the next two columne indicate the lower plenum filling rates, as
obtained from TRAC calculations, with and without the N, injection., The last two
columas 1ist the time spans of the Delay Peciod, s predicted from TRAC calcula-

tion, with and without N; injection

Tie next section describes the actual calculetion of the biae due to the
dissolved Nj. Results are used as obtained from the nominal NPP calculation and
shown in Figuree 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.

i
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Figure 4.1 Prediction of Integrated ECC Injection
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TABLE 4.1 - .ntegrated ECC Mass With and Without Np

Amgcc Bmg-c N ?

NPP CALC BOUNDING CALC
kg kg

860

15,900

30,670

33,490

39,940

49,070

58,800

58,800 kg - 21,746 kg ;

R Mt © . R | 1.4
BCC ~ 58,160 kg - 16,776 kg




Teble 4.2 - TRAC Simulation of UPTF Test 6

RUN W PRED. FILLING RATE PRED. DELAYS
k.’n
‘LP.NZ iy p ‘DA, 1N, ‘DA
kg/s kp/s s ]
131 400 0 - L] o
132 300 199 0 20 ®©
- 250 360 604.6 16 20.6
136 100 512 359.6 7 21.8
i, p Lower Plenum Fi)ling rate without N2
Lower Plenum Filling rate with N
P.N, 2
thA Delay without N,
tDA.I.N2 Delay with N, and fixed ECC injection rate
w‘ Steam flow rate
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4.4.2 Evaluation of the Blases

In this section, the actual calculations of the biases for the sub-periods
defined in the Section 4.3 are performed, using the proceduse described in
Section 4.3 and the infecrmation described in Section 4.4.

4.4.2.1 Bias in Timing of the Complete Bypass Period

This period begine at the time t; of initiation of the accumulator flows
in the intact loops and ends at time tp, 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.
Table 4.2 shows the TRAC prediction for the lower plenum filling rates, with and
without accounting for the Ny injection. There are no deliveries of ECC fluid
to the lower plenum at a steam flow rate of 400 kg/s, for the case with N
injection, and at a steam flow rate of 300 kg/s for the case with no N, injec-
tion. The following conclusion is made about the critical steam flow rate,

if Ny is injected:
300kg/s ( Wy mac v, urre | 400kg/s (4.21)

if no Ny is injected:

200kg/s ( W"'mc‘m( 100 kg/s . (64.22)

Therefore, the critical steam flow rate with Ny will be higher than the critical
steam flow rate without Np.

(4.23)
'GrJTNC,N,UPﬂF) anllK\UTﬂ'

Since UPTF is a full-scale facility the conclueion in Equation (4.23) is applied
to the NPP.

(4.26)
“;LTWK,NNNPP >'Kn.ﬂuCZNPP .

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



(4.25)
'D ) 'D’".

Therefo.e,

(¢.26)
w ' twoN -

The bias 6&19.n2 is estimated by substituting Equation (4.26) into Equation
(4.4),

(4.27)
Oy (0.0 .
Therefore, a conservative estimate of 6‘1D.N2 is,:
b'w.u’ b 0.0 . (‘-2’)

Furthermore, a conservative limit of the critical steam flow rate tor a facility
is the lower limit, since the steam flow rate would have to decrease below that
limit before any liquid can reach the lower plenum. Therefore, the lower limit
is selected from Equation (4.22) for the critical steam flow, w! ich is

Wee trac wep = 200 kg/s . (4.29)

The time t, corresponding to this steam flow rate is obtained from Figure 3.15,
and i

tp = 20,05 . (4.30)

It should be noted that the critical steam flow rate and corresponding time are
different from 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. 1In Section 3.4.2.1 the bias due to all the model deficiencies in
the code, except for the lack of a dissolved-N; model, was being estimated. The
critical steam flow was obtained from the UPTF data which had N, injection to
account for dissolved Ny effect. A lowest possible value of the steam flow rate
was selected for the critical flow from the UPTF data. In the current
application, t* purpose is to estimate the bias due to the lack of a dissolved
Ny, model in the code. So, the critical steam flow rate for the NPP with no
d}oaulved N, is estimated from a calculation for the UPTF facility with no Np
injection. A comparison of the results of the two calculations shows the effect
of the dissolved Ny, since the code and the test conditions were the same. The
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effect of the Ny is to increase the critical steam flow rate and therefore, the
critical steam flow rate in Equation (3.33) is higher than in Equation (4.29).

4.4.2.2 Bias in the Timing of the Delay Perdod

The Delay Period begins at time tp (Equatior ('..v)) and ends at time t, .
obtained from Ecuation (3.29). Therefore, the duration of this period is:

'N"‘"0.22-93"20003.209s . (.-31)

During this period, the Ny 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
contributions are estimcted using the method described in that section. The
comj station of the first bias, G‘DA.I,N , requires a ratio of delays from the
simulation of separate effects tests with and without Ny. Table 4.2 shows the
calculations for UPTF Test 6 with and withcout the consideration of the Nj
injection. The results in this table indicate that delays are smaller when Np
injection is considered. This conclusion is applied to Equation (4.10) and the
result is,

<Ra>l1.0 . (4.32)

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

Opav, (0.0 . (4.33)

A conservative estimate of this bias is

6'“.1.”, - 0.0 . (“"‘)

The second bias Stp, 5 N, for this period (. due to the decrease in the ECC
flow rate. The intogrlted tcé flow is shown in Table 4.1 from the nominal NPP
calculation and from the separate model calculation. The results in this table
indicate that there is less ECC flow in the presence of N, and a ratio of the
aversge ECC flow rates for the Refill Phase during the time period between tp and
tp is estimated from this table as defined in Section 4.3.1.2.



(4.35)

Ryce = 1.14 .

The second bias for this period is computed by substituting Equations
(4.31) and (4.35) into Equation (4.15).

Spion, = 0.41 8 . (4.36)

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

dpun, = 0.41 58 . (%292

6.4.2.3 Blas in the Timing of the Fillin~ Period

This period begins at time t, (Equation (3.29)) and ends at time ty
(Equation (3.30)) when the lowe- plenum is full. The duration of this period is
computed from these times.

typ = (33.55 - 22.95) = 10.6 5 . (4.38)

The bias in thie period is estimated Ly substituting Equations (4.35) and
(4.38) into Equation (4.20) and the result is,

Bypy, = 10.65(1.14 - 1) = 1.485 . (4.39)

f.%.2.4 Total ..as in the Refill Phase
‘he total bias 6'15 N, in the Refill Phase is obtained by adding the biases

from the Equations (4.28), “(4.37) and (4.39).
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B w = (0 +0.41 + 1.48)5 = 1,885 (4.40)
N,

“.4.2.5 Bias in Predicted PCT due to the Omission of Dissclved Np Model

The bias in the PCT due to the lack of a dissolved N; model in the code is
estimated from Equation (4.1) using the information fro~ Equatjons (3.50) and
(4.40).

8PCT,, - 9.9°K (17.8°1) (4.41)

4.5 Conclusions

The bias in the predicted PCT due to the omission of a model for dissolved
N, in the code is 9.9°K. As this bias is positive, it implies that the inclusion
ui s model for dissolved N; in the code will result in a higher predicted PCT.

The bias in this section wes estimated from three independent calcula-
tions; & bounding calculation of the NPP during the Refill Phase, the nominal NP?
calculation with the TRAC code, and the simulation of UPTF Test 6 with the TRAC
code. Since for the bounding calculation it was assumed that no Np is dissolved
in the cold legs ani that N, completely terminates the condensation process, and
since all the benoficial effects from the dissolved N, were neglected, the bias
in PCT predictions presented in this section, is conservative,

It is recommended that a model of dissolved N, based on the variation in
the solubility of the noncondensible gas (i.e., Henry's model) be included in
the code. The code has a model of noncondensible gas, but it does not allow for
any diesolution of gas. In the absence of such a model, the NPP calculation
could be repeated with Ny injection in the intact loops, such as was done in the
UPTF Test 6. The results of the NPP calculations with and without N, can estimate
the PCT bias. The uncertainty in tais approach is in the N; injection rate and
in the location of the N, injection. However, a conservative estimate of the
rate of Ny dissolution, based on equilibrium assump-tions, can be made an’' used
to simulate Np injection close to the accumulator junction.

i



$. SUMMARY OF CONCLUSIONS

The peak clad temperature (PCT) preticted by TRAC-PF1/MOD1, Version 14.3
for large break loss of coolant accidents (LBLOCA) has uncertainties arising from
(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 Liasses.

The evaluation of the biass due to modelling deficiencies requires
comparisons to data, either “.om .'1l-scale tests or pro ‘rly scaled separate
effects tests (SETe). A veview of ..cilabie SETs iadiceted that small-size
facilities did not model the flow regimes expected in a nuclear power plant
during the Refill Phase of an LBLOCA. Therelore, it was concluded that only
full-scale test data, from the Upper Plenum Tes: Facility (UFTF), 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 yredicted 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 ‘“hese systematic
errors in the code over-predict the PCT. Detailed analyeis of the «.~tributions
to the total bias indicated _hat the Counter Current Flow Period (which lasts I0°
0.5 seconds) leads to only -1.3°K of the bias. The largest contribution (-
17.7°K) to the bies results from the prediction of the Delay Period. It is
recommended 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 dissoived
Ny) leads to a bias in PCT of 9.9°K (17.8°F). The positive bias indicates that
this systematic error leads to an under-prediction of PCT. Thus, the lack of a
model for dissolved N, makes the code prediction less conservetive. Although the
TRAC code has a model for the mass balance of non-condensiblie gasses, it does not
sccount for mass transfer between the liquid and the gas. It is recommended that
a model of mase transfer, based on Henry's model of the solubility of the gasses
in the liquid, be included in the code.
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APPENDIX A. UPPER PLENUM TEST FACILITY (UPTF) EXPERIMENTS

UPTF ([Liebert, 1988) simulates & German four-loop PWR similar to a
westinghouse PWR (Fig. A.1). The fecility has a full sige vessel, hot and cold
legs, ECC injection into the cold legs and the downcomer. The facility also has
injection of 1 kg/sec of Ny in the cold legs to simulate the dissolution of Ny
in the PWR, The main recirculation pumps are simulated Ly adjustable flow
resistances, and the steam generators Aare represented by four steam/water
separators. The core region is simulated by 193 rozzles injecting steam to the
lower pleaum. The facility's uppet plenum internals replicate the actual vessel
geomet ‘e downcomer separate effects teste--ECC bypass in the downcomer--
were on ne series of the experiments conducted at the facility.

The clear sdventage of using the full-scale facility (UPTF) date is tle
elimination of the need to extrapolate the results. Also, the question of tle
flow regimes and theit effect on the major parametetl of concern, the lower plenum
delivery rate, would not avise.

Unfortunaiely, only 5 runs for ""PTF test 6 are available for tle
investigetion which 1s not a sufficient data bace for the statistical analysis.

1t is imp rtant to note that some of the cleatly three-dimensional patterns
of the flow (*alternate channeling®, for example) developing in the downcomer are
considerably different from the classical counter-current flow patterns. The
channeling can be observe! in the pictures showing the «pagured liquid
temperature in the downcomer region (Fige. A.2 and A.3) (Liebe ., 1988],

The runs were petrformed 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
4% seconds. In the second stage, the ECC was inje« ted, The ECC did not
{mmediately reach the lower plenum and there was a delay. The tests were run for
10 seconds after the ECC injection. The lower plenvm inventory vas 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 downcomet inventories in five-Runs (131, 132, 133, 135
and 136) of test-6 were available (Wolfe, 1988a, 1988bL; Damarell, 1988a, 1988¢C]).
The Jdata for Runs 131, 132, 133 and 136 are summarized in Tables A.1 to A.4. 1In
these tables, the first column indicales the time and, the eecond and third
columng show the lower plenur and the downcomer inventories. The lower plenum
inventory data for Run 135 were available in the form of lower plenum inventory
plot (Damatell, 1988¢) which indicated that there was lower plenum filling at 440
kg/S of steam flow. Actual lower plenum filling rate was not needed for current
application as TRAC predicted (Appendix D) no ECC delivery for this steam flow
rate.
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Figure A.l

RUN 136: Mo SG-Simulator
Steam Injection

RUN 135: Tgec = 130°C
p.po = 340 kP2

System Configuration of Test No. 6 (Siemens, 1987)
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® Partial steam condensation
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Figure A.2 Contour Plots of Fluid Temperature Distribution
in Downcomer (Siemens, 1987)




® ECC bypass, delivery
from loops 1, 2 and 3

® Water penetrates into
lower pienum

® Massive water
breakthrough

OHzet from DAS start: 65
OMset from ECC start: 20

© ECC bypass, delivery
from loops 1, 2 and 3

® No water reaches
lower plenum

Figure A.3 Contour Plots of Fluid Temperature Distribution
in Downcomer (Siomens, 1987)
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Table A.1 - UPTF Test &, Run 131¢

(Steam Flow #00 kg/$§)

Lower Plenum
Inventory

kg

Downcome v
Inventory

kg

0
(1400)
2500
(4700)
9000
(9700)
(10100)

13000

(200)

300

(2600)

3300

¢ |(Wolfe, 1988a)
( ) Interpolated Values

*ablz A.2 - UPTF Test 6, Run 132¢

(Steam Flow 300 kg/s)

Lower Plenum
Invent *y

kg

Downcomer
Inventory

4200

(5100)

66 (11700)

67 12600

78 13700

¢ [(Wolfe, 1988a)
{ ) Interpolated Values

(200)

2000




Table A.3 - UPTF Test 6, Run 133* (Steam Flow 200 kg/s)

Lower Plenum Downcomer

Time Inventory Inventory

. kg kg ~
50 0 0

52 1620 0 a
63 10871¢ 0

70 13980 470

76 243530 3380

Ld 14670 <090

s s . - —— — e

b [Demarell, 1968a)

Table A.4 - UP'F Tegt 6, Run 136% (Sceam Flow iC0 kg/s)

; Lower Plenum Downcoms t s
ﬁ Time Inventory Inventory
kg kg !

*  {Wolfe, 1998hH)



The lower plenum filling rates for four runs were obtainyd from the
inventory date by plottine the data and selicting & window. The windows for Runs
151, 132, 133 and 136 were 49 sec to B0 sec, 52 sec to 67 sec, 50 sec to 70 sec,

eand 45 sec to 70 sec respectively. As ar illustration, the lower plenum
inventory for Run 136 is shown in Figure A.4 and steps to calculate filling rate
! ere shown here. "
| ™ - AL) |
AR Y : -
! lé
1 ? Z
3
a - - 0)kg A.
m”, - _L.l..f_}__l_.(_’____g) - (,44&3 (A.2)

(70 45) &

The lower plenum filling rates and the delays in the initiation of lower plenum
filling are summarized in Table A.5. 1In this table, the first column lists the
Run nrv-Yer, the second column lists the steam flow rates, the third column shows
the low.r 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 end the delay in the initiation of lower plenum filling.

Table A.5 - Summnary of UPTF Results (Test &) ;

|
i
[
i
;
‘

EXPERIMENT

Run Wg m p ty ta Y1A,UPTF ,
kg/s kg/s .« & 8 1“




UPTF Test 8 (Run 136)
l.ower Plenum Liguld Mass inventory

20— - T /,l
" il
P

40 45 S0 55 B0 B 70 76 B8O 4 85

== Approximation ~* Experiment

Figure A.4 lower Plenum Liquid Mass Inveatory, UPTF Test 6 (Run 136)
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APPEMDIX B: MODALIZATION POR SEPARATE EFPECY TESTS, UPTP

All calculations were performed using same nodalization for the VESSEL
component . Figure B.1 shows the schematic of the nodalization for the VESSEL
component . The geomet:ical data for UFTF are provided in Table 3.1. The
downcomer was modelled as a two-dimensionsl 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 twn axial levels, and the ‘core' and upper plenum regions were
combined into a cylindrical region represented by eleven axial, two radiel, and

four azimuthal cells. Steam to the downcomer was supplied through the core
region.
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APPENDIR C: TRAC-PF1 IMPUY DECK POR UPTPF

This Appendiz contains the listing of the input deck used for the UPTF,
Test 6 calculations.
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APPENDIR D: TRAC-PP1 PREDICTION OF UPYP LOWER PLENUM FILLIRG RATES

UPTF Test 6 Runs 131, 122, 133, and 136 have boen simulated with TRAC code
by Dr. Menry J. Stumpf at LANL. The computation t'mes on the CRAY computer
varied from 2 to 5 hours. Figures D.1 - D.3 show the predicted lower plenum
liquid inventory curves for Tests 132. 133 and 136; no ligquid penetration was
predicted for Test 131 (W, = 400 kg/®#). The lewer 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 roint of the line corresponds to the *guasi® steady lower plenum inventory.
Table D.1 liste readings from the graphs used for predicting the lower plenum
filling rates. The first column is the test number: 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 sammarizes the experimental and calculational data for the UPTF tests.
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Table D.1 - Predicted Lower Plenum Water Inventory and Filling

Rates, UPTF Test 6

Run t) P, 1 t2 P,2 ™ p
(s) (kg) () Tk;‘ (kg/®)
132 63 50 70 1642 199
133 50 79 68.7 3570 360
1%6 50 130 63 6781 512
Table D.2 - Summary of UPTF Results (Test 6)
EXPERIMENT TRAC
Run W fp ty t, Tia,upTP Pt ta tia,uptr
(k‘lu) (kg/8) (8) (8) () (kg/s) (8) (8) (s)
131 400 419 43 49 (54) 6(11) 0 43 L o
132 300 840 43 52 9 199 43 63 20
133 200 699 43 50 7 360 43 59 16
135 440 > 0 b ceccee wesne 0 43 o g
136 100 GGl 43 45 2 512 43 50 7
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APPERDIX @

Estimate of ECCS Flow in the Presence of Dissolved N,

{2
i

E.1l Introduction ¢

The nitrogen (N;) gas in the system occupies the top portion of the
accumulators, and is also dissolved in the coolent in the accumulators. The
coolent in the sccumulator is in equilibrium with the nitrogen in the gas
_ space. The amount of the dissolved nitrogen (Ny) is only 57.6 kg and about
’ half of it will emerge from ‘he coolant as it flows from the accumulators to
the cold legs and the downcrmer where the pressure is lower than in the
accumulators. W

The N, in the cold le¢s and in the downcomer will mix with the stean.
This will affect the thermohydraulics of the coolant in two ways. First, N,
will occupy volume and displace the coolant into the lower parts of the down=
. comer and, second, N; will reduce the interfacial mass transfer procesy (con-
g 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 u
smount of ECC flow during LBLOCA in a Westinghouse PWR in the presence of |
Ny« The ECC injection rate depends upon system pressure which is affected by \
the emerging N, from the ECC, Therefore, this task will require estimation of
the amount of N, emerging from ECC and {ts effect on the system pressure.

The time to fi1l the lower plenum depends upon the ECC injection rate.
Aiy delay in filling the lower plenum due to the dissolved N, will allow the
clad to heat up for the duration of delay and contribute to bias in the pre=~
dicted PCT,

E.3 mr()hkh

The effect of Ny on the ECC [low rate is estimated by computing a correc= )
tion to the system pressure obtain:d from the nominal TRAC calculation. A .
separate model predicts the ECC flow rate based on corrected system pressure. i
The method o. estimating the correction to TRAC-predicted system pressure con= ﬁ
sists of the following steps: E

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.

Estimate the amount of N, emerging in the reactor system from the ECC
flow,

Estimate the effect of the N, on prediction of condensation in the
reference NPP calculation with TRAC,



3. Forsulstion

The emerging N, from the ECC reduces condensation which leads to
sccumulation of steam in the system:. This steam along with Ny will slow down
the rate of system depressurization. PFurthermore, unlike in the current
reference NPP calculation, where the system pressure was at times below the
containwent pressure due to condensation leading to the flow from the
containment to the system, the system pressure in the presence of N, will
always be higher than the containment pressure and there will be no flow [rom
the containment to the system.

Three control volumes with liquid and gas spaces are used to odel 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
system and the accumulators. It is conservatively assumed that all the
dissolved N, emerges from the ECC before it enters the volume and flows to “he
gas space. The three intact loop accumulators are represented by a single
volume and the broken loop accumulator {s represented by another single
volume., Special care i{s 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 juncticn volume, as shown in Figure E-~l,

E.3.1.1 Foramulation fci Reactor System

It is asoumed that the N, 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 system
pressure. The system volume is modelled with phasic wass balances as given
here:

dn‘ ¢
e "1.1' "o.l+ .vl.Nz (E~1)
dlv 2
“dt . wl.v "o.v- 'vt,Nz (E~2)
an
T N A (8=8)

?here, mg, my, my, are masses of liquid, steam and nitrogen, and

myg N, 18 net condlensation rate in the presence of nitrogen at the interface
of f!‘uid/vupor regions. The remaining six varlables Wy o, Wy 4, Wy

Wo,ve Wi N, Wo, N, represent the mass fiow rates at the inlet and outfet

for the 11 uid, Steam and N,, respectively.
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The phasic masses are defined as:

" * V. by (E=4)
. * Vv oy (E~5)
“-%, (E=6)

" * Ny On,

The system volume, V, 18 the sum of phasic volumes, Vg, Vy and
v, »
N

Vo= vl - vv + v", (E~7)

We define a system vold fraction a and phasic volume fractions a, and
aN, as:

.., VV/V

‘N, - Vuzlv
a®= gv + GNQ (l"’.)

The nitrogen volume fraction ay, of the reactor system is expected to
be small during the Refill Phase and" it ie estimated from the nitrogen volume
fraction in the downcomer.

°N, - °N2.Dc * Ve /v (E~9)

where Vpe 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.

.V .V
¢ -DV (P) = v

" vv P (E~10)

The fraction of Ny in the gas space is very small, so the eteam partial
pressur2 1s close to the system pressure, and the steam and Ny temperatures
are obtained as

A Tﬁlt(P)

Also,

L (P'"t)
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We will also need the 1iquid energy balance as the liquid density is a
function of internal energy. The visclous effects and mechanical energy

effects (kinetic energy and work due to interface movements) have been neglec+
ted,

d(-lu!) .
P 4 w"l n"'N2 hv + L (E~11)

where Uy hit' hot' hv' 'vl.N;
1iquid, 1iquid enthalpies at the inlet and the outlet of the volume, enthalpy
of the steam, condensation rate in the presence of N, and net wall heat trans+
fer to the liquid phase.

and q,, 8re the internal =nergy of the bulk

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 end gas phase expansion (dp /dP) has been approximated by the vapor term
as the amount of Ny is small; he equation for the system pressure is ob~-
tained, as given here.

1 =~a

NPPJ%‘ o

b

(E~12)

This equation represents the system behavior in the presence of N, injec~
tion into the system. The nominal NPP calculation also accounts for all the
effects except N shown in Equation (E=12) during the Refill Phase. There are
additional differences in the system behavior due to the N, that are not
accounted for in the NPP calculation, such as reduced condensation in the
downcomer, and no backflow from the containment. 1In order to estimate the

gystem pressure Pypp N,,» we will represent the results of the NPP calcula-
tions in a form atmiia% to Equation (E~12).

ap

dp
1 =a L " Wb |
Pure {pl e L ‘aul\ {Wy o(hy qu) =¥




+ W =W w -w
1,8 o,t i.v v i
Vp‘ + ._av;:SA. (E=13)

Equations (E~12) and (E~13) are combined; the terms in the coefficients
of ’NPP.N, and ’NPP representing the compressibility of the liquid are smaller

than the terms cepresenting 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 ligquid 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 ‘low rates. The terms with ‘vt have been
compared and the first ;vz term containing (hv-“t) is two orders of magnitude
.
m

smaller than the second "

term containing (o‘-pv) and so the first m_, term

vi
term is neglected.

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

WO.N2 = 0.0 (E-14)

The resulting equation is:

W W w
Bupp,n, = Pupp * 7 (2552 o(=1) (8
NPP, N, NPP ¥V P 7 N, LI
W W (n, =m ) PP dp
0,my ¢ O,m ve ve,N, L'y . e i

where Wy o and W, , are the flow rates of mixture of steam and water going
into and out of tﬂe volume, and mvt »ad -vl N, are condensation rates with and
,

without the presence of Ny, Equaticn (E-15) indicates that the primary effect
of Np will be to modify fluid flows a. che boundary and the condensation
rates.,

The condensation term, ivl' in Equation (E~15) is «stimated from the
results from NPP calculation. The rate of condensation due to subcooled ECC
is estimated from 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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g, S AR
« . lmco,Nkp DC AP (818)
vi h

\ fy |

if vhere &Ecc.npp. Tpc, and Ty are the rate of ECC injection, downcower and

a accumulator fluid temperatures.

- Steys to evaluate ivl from the NPP calculations are listed here for any i
|

time period from t; to t, during the Refill Phase (t; to tg)e The times
t and t, are times at which the NPP calculation results are available.

\T( “T.) ¢ (TDC-T )

ER X A 4 A t
AmCON.NF'P i Amscc,npp hfg | 3 - ] (E-17)
Am
1 : & CON,NPP (2-18) |
; Vi t, * t %

vhere AmcoN, NPP and Amgcc,Npp are the amounts of steam condensed and ECC 3
injected between t, and tp. 3

) The condensation rate, &vl,N in Equation (E~15) will be less than
mypes For conservative estimate o% system pressure, the condensation rate in
the presence of Ny is neglected.

. = S - i

A procedure of estimating avl N {s desribed in Section E.3.3, 1t is
e

shown in Section E.3.4 that condensation reduces by BOX in the presence of N,
for the cond‘tions 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- j
ing the N, effect. The NPP break flow rate and injection rate without N, ef- ‘
fects were obtained from the reference NPP calculation. The break flow rate
for the K, case is estimated from the information available from the reference
NPP calculation. The pressure difference between the system pressure and
break pressure s related to the break flow rate.

= K/ - ! -
- - K v(Pa PB)Dm (E~19)

Oy

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




- .v‘ . Kv; 'ziv-i.s ’. ('-20)

vhere Kyg, Py and Py 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 & combination of flow from the
accumulator and from the broken loop.

Vo.n,86 * Vor,a (E-21)

¥ar,86 *
vhere Wgr 86, Wo,m,5¢ and Wgp A are the flow rates at the steam genera=-
tor side Groak. and flow rates from the vescel ani the accumulator to the

Junction volume (Figure E~1), respectively. These flows are related to the
pressures as follows:

“or,s¢c " Kop Y(Py = Py)p, (E~22)
. » -
Yo,m,80 * Kyg Py =P V0 (E-23)
“er,A = Kag TPy =Py o, (B=24)
by 90, ¢ (1%ay) 5, (E-25)

where Kjg, Ky and Kp) 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;, Py and P, are the pressures at the
Junction volume, the break, and in the accumulator, respectively., Further~
more, py and aj are the mixture density and void fraction in the Junction
volume. The flow coefficients in the équations (E=22) through (E=24) are ob~
tained from the nominal NPP calculation with the TRAC code. The void fraction
ay for the volume is estimated from the volume flow rates to this volume.

1t is assumed that the flow leaving the junction is homogeneous, the flow

coming from the reactor {s all steam, and the flow from the accumulator is all
1iquid.

(Uo‘gjsc/o )

= (3’26)
J ((vo.m.sc/b‘) *Yglk.A/°t))

The solution of Equation (E~15) requires the amount of N, injected into
the system (wi.Nz)- and the procedure of evaluating wi.Nz is described in
Section E,.3.2.

The ECC flow rate or injection rate (accumulator flows and safety injec~
tion) in the presence of N, is estimated from the system pressure and a model
for the accumulator. The next section, E.3.1.,2, describes the accumulator
model.,
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E.3. 1.2 Pormulation for Accumulator Flows

The rate of accumulator flow is estimated from a model of accumulator and
the pipe connecting {t to the cold leg. The accumulator has a gas space
filled with N, and a liquid space filled with subcooled water with dissolved
Nye It has been observed in the reference NPP calculation that the liquid
temperature changes by less than 1°K during the Refill Phase, but there has
been tempersture 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
szace pressure will also be affected by the N, which will emerge from the

1iquid as the accumulator pressure decreases. The system of equations which
govern this model is given here:

Mass balunces for N,:

d (» )

Wi &
NL Alhl - 'm
dt Ny

vhere EN {s the rate of nitrogen emerging from the liquid and VA,N? is
the volu%e of the accumulator occupied by N,« A mass balance for N; in the
l1iquid phase is also needed.

d !\_'2‘ ‘.
at ( . M ) @ = mN2 (E~28)

where M and H"§0 are the molecular weights of nitrogen and water, and X

{s the sdlubility (mole of Ny in a mole of solution) of N, in water. Xy, is
' 2
related to the accumulator pressure PA, through Henry's law,

s 9
X,,-2 P,/ (E=29)
where H {8 Henry's constant.

The N, will follow an adiabatic expansion:

) « V- constant = K
Ng

It is also assumed that &, Uehaves as perfect gas!

P J = -
A \A,N? n R TA (E~31)

As the accumulator volume is fixed, there is an additional constraint on
> VAN, !

Y = (F"Z)




In addition to the N, balance equations, mees and momentum balances are
also needed for the liquid phase (wvater):

av

A
-—1utA - - Q. (l.”)
by * K, J(FA—PSSo ¢ (E~34)

where Q is the volume fiow rate from the /ccumulator, P, and Pg are the
pressures in the accumulator and the rest o' the NPP system.

After combining Equations (E~27) to (E-34), an equation for dP,/dt is
obtained.

p

¢ M
Q I=

o, Y i;:‘

: o s
B, % ;%:‘)

M0 Pg

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, lmplying that the effect of N, dissolution on the accumulator
pressure is small and could be neglected.

v
A - 1)

(E~35)

The flow coefficient K, is obtained from the reference NPP calcula-
tion. The accumulator pressure {s obtained from Equation (E~35)., The liquid
flow rate in Equation (E-35) is related to Wy , in Equation (E-15).

.
Hi.. = st . m, (E~36)

", - Q. p‘ (E~37)

vhere ;A and Wgy 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 N, and steam are in equilibrium with the water.
As the fluid particle moves from the accumulator to the cold leg, the N, solu~
bility decreases and this difference in the solubility leads to the emergence
of N, in the cold legs.

The amount of N; emerging from ECC into the cold leg can be estimated as
follows:

"1.N, i | (°N2.A i CN,.CL) (E=38)
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where cy, A &nd cy, (| are the concentration of N, in the water in the
uccunulaior and lhg cold leg. The other variables appearing in the above

equation are defined below.

EA Rate of ECC injection into cold legs from accumulators, 3
w Rate of N, emerging into cold legs,

1,8,
CN? Concentration of N, in solution; kg of Ny per kg of the solution. |

The concentration of N, in the solution is related to ... solubility as ;»
follows,

X M M.
| N2 i X - Y X | (E=39)
: Cy ® T g . g for . L 23
& N T Wo N W0 N,

g The solubility of N, in the water varies with the pressure and temperature. %
5} ! The partial pressure of N, in the gas phase is related to the solubility by w
Henry's law: -

1

P el K (E=~40)
N2 2

where Py, is the partial pressure of N, in the gas phase, Xy, is the solu-

bility 0? N, in water (moles of N, per mole of solution) and“H is Henry'e con=
stant. MHenry's constant, H, is listed in Table E~l (Chemical Engineering i
Handbock, Perry & Chilton, Pages 3-98). H is not very sensitive tu the par~ ‘
tial pressure of N, but does vary with the temperature.

The partial pressure of N, in Equation (E=40) is computed as follows:

y - » . -l
Py Papp Psat,NrO (E=61)

2
.

where Pypp is the fluid pressure obtained from the wPF calculation and
Psat ,H,0 18 the gsaturation pressure for water corresponding to the water '
temperature .a the NPP calculation. ‘

|

The average rate of N, injection (Wy y ) into the reactor system during
any time period t; to t; in the Refill Phasé of the accident is computed from
AmN2 (the awount of N, emerged during this period) as follows:

AmN
PR . . b
Y18 ° T (E=42)

.

omy, 18 estimated by integrating Equation (E-38) after substituting Egquation



F

TABLE

E-1

(Tables 3-139 and 3-140)

N; Solubilities (Chemical Engineering Handbook, Perry & Chilton)

R 0 5 10 15 20 25 30 35
10** x W $5.29 | 5.97 | 6,68 | 7,38 | 8,04 | B.65 | 9.24 | 9.85
t, *C 40 45 50 60 70 80 90 100
10** x W 10,4 ' 10,9 | 11,3 | 12,0 | 12.5 | 12.6 | 12.6 | 12.6
10 x H
Partial Pressure of
Ny, mm, Hg 19.4°C 24.9°C
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
0 B.74 9.62
00 8,86 9.62
4100 9,04
8200 9.91




NZ'

Hy0

Where Amp and AmN2 are the total ECC injected from the accumulators and
the total dissolution of N, during t] to t3. &mp is obtained from the
reference NPP calculation.

The N, injection rate Wy y, Equation (E~42) 18 needed in Equation
(E~15). The rate of N, dilloiuiion is based on ECC flow rate from the
reference NPP calculation and will be an overestimation as the ECC flow is
expected to b. lower in the presence of N,.

E.3.3 Estimation of Condensation in the Presence of N,

During the Refill Phase, the steam is close to saturation while the ECC

{s subcooled. The condensation rate will be dominated by the interfacial hea.
transfer on the liquid side.

- f / -
.VI.N2 . MOD) 9 h (E=45)

fg

where Koon, CHMOD, qqg and hfg are the constant of proportionality, a
multiplier to account for N, effect, interfacial heat transfer in the absence
of N, and the heat of vaporization. The multiplier CHMOD {s obtained from the
correlation described in TRAC-PF1/MOD] Correlation and Models document [Liles,
1988, Page 4-26].

e D 2
aly v ON;

CHMOD = 0,168

l.__—- ——
(1 1)O!DN2

Gas void fractlon (ay + an,)

Gas density

ON? Density of nitrogen at {ts partial pressure, Pyz

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

(E=47)




Py =9, (2, )
o L. BN
P, =P
Ny
where is the mole fraction of N, in the gas mixture and a, is the

vapor volume fraction in the downcomer as obtained from the reference NPP cal=
culation resulyis,

NPP un' (E~48)

An estimate of Ny, + mole fraction of N; in the gas space of the

downcomer at a given time has been wade frow the information obtained from the
reference NPP calculation. Tle net steam flow into the downcomer during a
time period (t; to t,) is computed from Figure E-2, which was plotted from the
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 N, emerging from the ECC, mixes
witn the existing gas phase in the downcomer and the part of this mixture
(vapor + Ny) leaves through the break. 1t is further assumed that steam and
N, densities are constant,

v + Vv
N)nbcntl Naninh 3 bo
- + Vv
'.m." sz’iﬁtl'tz "2o.i.tl.t3

nNi(tz) - v (E=49)

Ny, in the above equation is the mole fraction of N, in the gas mixture as

thg volume per kg-mole for each gas is the same at the same temperature and
pressure conditions,

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

VN, DC,t, Volume of DC occupled by N, at t, at system pressure
L »

v Gas space volume in DC at t) at system pressure
"Dc.tl

VN,.:.:,,:, :::::u::l“"' of N; emerged during t, and t, at system

VH?0 g b s Total volume of steam injected from LP during t, to t, at
PTATINT2 gystem pressure

nN! Mole fraction of N, in the DC gas space

Yg.nc,t, Yip0,0¢,¢, * Np,0c,t, = Vi,0,0¢,¢ ‘T-'rT;:'Z'E}'))

wvhere

vH,O,DC,t, Volume of DC occupied by steam at t, at system pressure,

obtained from NPP calculation
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Steam Flow Rate
(kg/s)

1 A 1 L 1 1 | 4

101, 151, 20 125 30 35 40

Time (8)

Figure E.2 Predicted Steam Flow Rate from Lower Plenum to the :
Downcomer



E.4 Results

The model described in Section E.J requires the results of a nominal NPP
calculation. Some of the values used in the estimate are listed in Table
E~2. Columns | 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 downcomer 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 coefiicients Kyg, Kjp, Kyy and Kpj in Equations (E-20),
(E~22), (E~23) and (E-24) are estimated from the nominal NPP calculation re-
sults during the Refiil 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.

Kyg * 0432 n’ (E=50)

K « 0,41 w

18 (E-51)

KVJ = 0,22 (E~52)

K . 0,02 of

AJ (E-53)

The rate of condensation iv, is couputed by substituting downcomer
liquid temperature, accumulator liquid temperature, integrated safety injec~-

tion rate and Integrated accumuiator flows (originated from the loss of
accupulator inventory) obtained from the nominal NP¥ 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 N; 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, caturation pressure, Henry's
constant and solubility of nitrogen in the liqu!d, respectively. Similarly,
the last five columns (7 through 11) represent the fluid conditions in the
cold legs: 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 Ny, The rate of N, emergence has been computed for six
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 vold fraction in the preser -~ of Ny, and the rate of N, dissolu~
tion.,




No.

TABLE E-2

LBLOCA Flow Parameters from TRAC Calculation

l’()(:.Nl'l’ Ho.n.v Ho.u.a; TDC TA E“A
K

81
ky

ECC
LY -

Sec bar kg/s kg/e L3 kg

0.0



TABLE E-3

Estimated Condensation Rates in the Nominal NPP Calculation

Time Per .od

12.1-18.1
18.1-22.9
22.9-26.1
26,1-29.5
29.5-33.5
33.5-37.6

kg

15040
14770
9270
9130
9730

9760

KJ/kg

1955.5
2154
2154
2154
2154

2154

-152~

“vl

XK.

1376
500
216
197
210
205

229
104
67
58
53
50

Recc
kg/s
2480
3110
2900
2685
2430
2380



TABLE E~4

Estimetes of N, Solubility

g e e e e

ACCUMUL O R OLD LEG

r 2 P T‘ H* ; ‘ |3 vj H
e sat K, 0 sat ,H,0 S
K . « atm N2
bar bar
e qL._._.,.V_»_, - ——— - R - = —— ——a - S

0,047 ’ Ix 1 ? 34.5| 19,5  [12.6x10% | 1.2x107"

12,2x10" 5.9x10"°%

305. 4 li.éx10% | 2.8x10°"

305.4 | 0,047 11.0x10" | 2.8x10°%

305, 4 [10.4x10% | 2.6x10"%

11.2x10% | 2.3x10"%

305, 2 12x10% l.2x10"%

5

0.11 !ll.?xl”h 2.5x107

13.6 |305.1

|

13.05% I"U“».l ) ) Lo ’ - . ) 1x10" 2.8x10%

& P = HX Henry's lLaw




TABLE E-5

Estimated Volume Fraction and Rate .« Dissolution of N,

"
nwe | 4% "ﬂz 88 cean | Yv.c™| PStean °§2 “nz ot % '1.!,
’
SEC ki kg kg ' kg/n® | kg/m® kg/s
10,8 | mmeene el R [ 17,4 27,1 | 0.0 0.97 —
12.1 787 0.25 667.5 25.66 17,4 27.1 0.00014 | 0,97 0,42
22.9 28,980 122 5057.5 16,0 1.57 2.44 | 0,0017 0. 60 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 | 0,163 0. 46 0.65
39.6 05, 550 2242 5070 2.0 2.16 3.36 | 0.22 0,097 0,46
t
am, - f L dt = Total ECC Injection, Accumulatore Only
11.5
t
bmy «[my wt * Total N, Emerged
e TV T

n = [ m dt = Total steam flow into DC from LP
steam steam

1.5

mole fraction = Vol N2/(Vol N, + Vol Steam)

n"z.nc 2
- 3
vm 26,48 m
. % ‘HN’ (ty) = AHN‘L (ty)
‘o”g ts = )

* Denuities are obtained at the system pressure
LA 8:!. ned from NgP cnlcufnt{on y ’
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The effect of N; on the condencation rate is computed from Equation

(®=46), The multiplier CHMOD is computed for the following conditions:

the condenss*ion rate (~80%).

P = 3.0 bar, ny, * 0,001, Pgream “2+997 bar, PNZ « 0,003 bar
Py PN, * Potean * 165 kg/n®,

py = 1600 kg/n’

pN, * 0.00257 kg/n®,

CHMOD = 0,17 [+3=) ¢!
l-a

CHMOD = 0,14 , a = 0.1

CHMOD = 0.21 , a = .9

and at v = 3.0, nN, * 0,01, Pgream = 2+7 bar, PN, * 0.3 bar
i 1ad
Pstean 1,496 kg/m

o. ~ 1000 kg/m®

L
PN, * 04034 kg/m®
CHMOD = 0,128 [T%;lo"

ru..‘l 'D - r’cl. a e 009

CHMOD = 0,16, a = 0.9

The above calculations indicate that there will be a large reduction in

the N, effe ¢, it ie assumed that there will be no condensation in the
presence of N,.

method and the predicted system pressure is shown in Figure E-3.
pressure in the presence of N, is higher.

flows in the NPP calculation with the ECC flow predicted by the bounding cal-

mvl,N? = 0,0

For the purpose of a conservative estimate of

The Equations (E~15) and (E=35) are integrated by a tirst order Euler's

culation. As expeted, the ECC flows in the presence of N, are smaller.

results are summarized in Table E-6.

the intact loops as obta.ned

the bounding calculation. Th, Y“CC flow rates are used in Chapter 4 to
estimate the bias in the time pericd of the Refill Phase and in the PCT.

~155~

The system
Figure E-4 compares the total ECC

The first column in this table is time,
Columns 2 and 3 show the svstem pressures from the TRAC calculation and from
the bounding calculation, and t*~ last two columns are the total ECC flow in

the nominal NPP calculation (TRAC) and from
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Figure E.3 System Pressure during Refill Period

INTEGRATED ECC (INTACT LOOPS) (NPP)
335
& |

180 | lao
NPP CALCULATION |
TRAC b 5.
135 .-
e %
‘o o
@ O /4 CONSERVATIVE 140
’ | ESTIMATE
| WITH N,
4+ !
!
0 | L g L
0 10 20 30 40 50

TIME (§)

MASS . 10° kg

Figure E.4 Predi~tions of Integrated ECC Injection
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TABLE E~$

Integrated BECC with and without N,

Puep, | Pwee,n, ®gcc | “"ecc,N,

bar bar kg kg

34.5 34.5 860 860
17.35 | 11.23 15,900

3.28 7.29 30,670

3,07 6.38 33,490
3,07 | 4.61 39,940 |
2.72 3,51 49,070

2.92 3.61 58,800

3,04 3.28 68,560

A‘ECC (33.58) = A'ECC (tD)

R

ECC AmECC.Nz (33.5 8) = Amg e (tn)

= System Pressure




Concentration, kg per kg of solution
Multiplier for N, effect on condensation

Enthalpy

Latent heat of vaporization

Hanrv's cnnstant

‘oW raatficient
kate of condensat.c.:

Mass

Molecular weight
Mole fractien
Pressure

Reactor power

Volume flow rate

Ratio of the amounts of ECC delivered with no N; and with

Time
Temperature
Volume

Mass flow rate

Solubility, mole per mole of solution

Volume fraction
Density

Ratio of specific heats




Subscripts

A Accumulator
B Break
BR Break
CL Cold leg
Condensation
Downcomer
Emergency Core Coolant
Water
Inlet
Junction Volume (Figure E-1)
Liquid
Nitrogen
Nuclear Power Plant
Outlet
System
Steam Generator
Safety Injection
Vapor

Vessel
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