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;° ) ) WASHINGTON, D, C. 20558
. % e August 22, 1989
..'..

Mr. W, J. Johnson, Manager
Nuclear Safety Department
sestinghouse Electric Corporation
Nuclear Energy Systems

P. 0. Box 35

Pittsburgh, Pennsylvania 15230

Dear Mr. Johnson:

SUBJECT: ACCEPTANCE FOR REFERENCING OF LICENSING TOPICAL
REPORTS WCAP-11284 AND WCAP-11427 REGARDING THE
WESTINGFOUSE BOILING WATER REACTOR EMERGENCY
CORE COOLING SYSTEM EVALUATICN MODEL

we have completed our review of the subject topical reports. bWe find these

4 reports acceptable for referencinc in license applications to thu extent
specified and under the limitations delineated in the reports and the
associated NRC evaluation which is enclosed. The evaluation defines the basis
for acceptance of the reports.

We do not intend to repeat our review of the matters described in the reports
and found acceptable when the reports appear as references in license
applications except to assure that the material presented is applicable to the
specified plant involved, Our acceptance applies only to the matters
described in the reports.

In accordance with procedures established in NUREG-0390, 1t is requested that
Westinghouse publish accepted versions of WCAP-11284 and WCAP-11427,
proprietery and non-proprietary, within 3 months of receipt of this letter.
The accepted versions should incorporate this letter and the enclused
evaluation between the title page and the abstract, The accepted versions
sha11]1nclude an -A (designating accepted) following the report icentification
symbol.

Should our criteria or regulations change such that our conclusions as to the
acceptability of the reports are invalidated, Westinghouse and/or the
i licensees referencing the topical reports will be expected to revise and
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resubmit their respective documentation, or submit justification for the

continued effective applicability of the topical reports without revision of
their respective documentation,

Sincerely
Z/:;:24;1h22214~—'

Ashok L. Thadani, Assistant Director
for(Systems

Diviston of Engineering & Systems Technology

0ffice of Nuclear Reactor Regulation

Enclosure:
Evaluation Report



ENCLOSURE

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION
RELATING TO THE WESTINGHOUSE ELECTRIC CORPORATION
BOILING WATER REACTOR EMERGENCY CORE COOLING SYSTEM EVALUATION MODEL

1.0 INTRODUCTION

By letter dated September 30, 1986, Westinghouse Electric Corporation submitted
for review licensing topical report WCAP-11284 entitled "Westinghouse Boiling
Water Reactor Emergency Core Cooling System Evaluation Model: Code Description
ano Qualificetion" (Ref. 1). By letter dated June 30, 1987, Westinghouse
submitted WCAP-11427 entitled “"Westinghouse Boiling Water Reactor Emergency
Core Cooling System Evaluation Model: Code Sensitivity" (Ref. 2) which was
reviewed by the NRC concurrently with WCAP-11284, The staff requested
assistance in the review from Los Alamos Nationa) Laboratory (LANL). LANL
jdentified additional information needs to which Westinghouse responded in an
amendment document, WCAP-11284-Amendment 1/WCAP-11427.Amendment 1, "Westinghouse
Boiling Water Reactor Emergency Core Cooling System Evaluation Model: Response
to Request for Additiona) Information and Errata" (Ref. 3).

The Office of Nuclear Reactor Regulation (NRR) is responsible for the review

and evaluation of licensing analyses and methodology. The review was conducted
to provide a technica) assessment of conformance of the Westinghouse emergency
core cooling system (ECCS) mode) to Appendix K of 10 CFR Part 50 (Code of
Federa)l Regulations - Energy). The ECCS model will be part of the safety
analysis methodology applicable to boiling water reactor (BWR) fuel manufactured
and marketed by Westinghouse Electric Corporation. The ECCS loss-of-coolant
accident (LOCA) methodoloyy was developed by ASEA-ATOM, Sweden, and has been in
use in Europe in the study of boiling water reactor performance.

This safety evaluation (SE) documents the review of Westinghouse large-break
and small-breax LOCA analysis methods applicable to BWR types 2 through 6
plants. The SE is divided into eight sections. Section 2 presents a summary



of the topical reports ana Section 3 provides a code description summary anc
assessment (WCAP-11284), Section 4 discusses the code sensitivity studies and
assessment (WCAP-11427). Section 5 describes the integral system qualifications.
and Section 6 discusses compliance with Appendix K requirements, Section 7
provides the staff conclusions resulting from this review, and Section 8

contains the references appliceble to the review.

2.0 SUMMARY OF TOPICAL REPORTS

Westinghouse uses the GOBLIN system of computer codes (Ref. 1) to evaluate

ECCS performance during postulated LOCAs in BWRs., The system codes calculate
the BWR transient responses to both large-break and small-break LOCAs, The
system is composed of three major computer codes (GOBLIN, DRAGON, and
CHACHA-3C), an auxiliary code (BILBO), and several input/output data processors
(HOBIT, FRODO, CHINE, PLOAUX, and SUPERB). A brief description of the more
important codes follows.

GOBLIN - Analyzes the LOCA blowdown and reflood thermal-hydraulic transient

for the entire reactor, including the interactions with various control and
safety systems, GOBLIN calculates the pressure and enthalpy at the core inlet
and outlet, using the core power generation, system ceometry, ECCS performance,
and the break type.

DRAGON - Performs the hot fuel channel, thermal-hydraulic transient calculations.
DRAGON 15 virtually identical to GOBLIN except several calculation models are
bypassed. Using channel power, geometry, and boundary conditions from the
GOBLIN calculations, DRAGON calculates the coolant temperature and pressure,

the void fraction, and the hvat-transfer coefficients.

CHACHA-3C - Performs detailed temperature calculations at a specified axia!l
leve) within the fuel 2ssembly previously analyzed by the DRAGON code., A1)
necessary fluid boundary conditions are obtained from the DRAGON calculation,
CHACHA-3C calculates the time-dependent, pellet-to-clad gap, heat-transfer
coefficients, as well as clad swelling and potential burst, It determines the
temperature distribution of each rod throughout the transient and ultimately



determines the peak clad temperature (PCT) and cledding oxidation at the axial
plane under investigation, It also provides input for the calculation of
total hydrogen generation by supplying the local oxidation at a number of
axial and radial locations in the core.

Westinghouse has performed integral system gualification analyses to compare
the code simulation with the two-loop test apparatus (TLTA) test data, The
objective of this verification program is tc demonstrate the code's abiiity to
predict plant responses to & design-basis LOCA correctly. To support the LOCA
evaluation methodology to be used in the licensing calculations for a BWR/S,
Westinghouse also has performed sensitivity studies (Ref, 2) that consider
hydraulic models, plant par»meters, numerical convergence, and nodalizaticn,

3.0 CODE DESCRIPTION AND ASSESSMENT

3.1 Therme|-Hydraulic Analysis Codes: GOBLIN/CRAGON

The GOBLIN code perferms une-dimensional, thermal-hydraulic calculations for
the entire reactor during a postulated LOCA, The system response from
blowdown through reflood is ralculated for both small- and large-break events.
GOBLIN 1s divided into four main sections,

The power generation model calculates the heat generation resulting from
fission, decay heat, and metal-water reactifons. Fission power is determined
by 2 point kinetics model that 21lows for up to six delayed neutron groups.
Reactivity feedback 1s included for void fraction, moderator (coolant)
temperature, fuel temperature, and reactor control rods. The decay power
generation 1s calculated by the sum of 11 fission product decay groups and the
actinide decay of U-239 and Np-239. The Baker-Just model 1s used to determine
the heat generation from the metal-water reactions.

The hydrauiic mode]l solves the mass, energy, iInd momentum conservation
equations together with the equation of state for each control volume. This
mode] includes empirical constitutive correlations for the calculation of



pressure drops, two-phase energy flow (drift flux), two-phase level tracing,
spray-fluid interaction, and critical flow rate.

The system models contain detailed models of the varfous reactor components
and the safety systems that are activated after a LOCA. They include the
ECCS; the steam separators and dryers; the reactor level measurement, trip,
end depressurization systems; ¢nd the recirculation and jet pumps.

The thermal model calculates the heat conduction and heat transfer from the
fuel rods, pressure vessel, and internals (plates) to the coolant, The mode)
solves the material heat conduction equation and ceélculates the heat transfer
from the fuel and structures to the coolant. The heat-transfer coefficients
couple the hydraulic solution to the therma! conduction solution through the
coolant state and surface temperature. Empirical heat-transfer coefficiert
correlations are mojeled for single-phase liquid-heat transfer, two-phase
non-dryout transition boiling, post-dryout heat transfer and single-phase
vapor, and surface-to-surface radiation heat transfer,

ORAGON 1s used to simulate the hot fuel channel by specifying the inlet and
outlet plenum pressures and enthelpies from the GOBLIN simulation, DRAGON
incorporates the channe)l power and geometry and inlet/cutlet hydraulic
properties to produce coolant temperature and pressure, void fraction, and
heat-transfer coefficients. The following subsections describe the key models
in the GCBLIN/DRAGON code.

3.1.1 Decay of Actinides and Fission Products

Three actinide decay groups are modeled. The decay time constants and
effective energy fractions are taken from a2 Westinghouse fuel design code,
PHOENIX, that has received NRC approval. The fission product decay model uses
decay constants and effective energy fractions that best fit the 1971 American
Nuclear Society (ANS) decay power guideline. An uncertainty of 20 percent fis
added to the resultant fission product power generation., Westinghouse assumes
that the total gamme energy deposition fraction outside of the fuel rod is 2



percent of the total power generation, Westinghouse has performed sensitivity
studies and identified that the effect on the PCT is negligible by delaying the
time to increase the porer generation fraction from 96 percent to 98 percent of
the tota) power generation (see Reference 3, response to Question 2). The
sensitivity studies performed by vestinghouse are in vesponse to an Appendix K,
Section 1.A.4 requirement to justify a gamme energy deposition fraction outside
the fue) rod that 1s less than 1.0, Westinghouse also has partitioned pellet
and cladding power distribution and found that the no-partition case would be
more conservative, that is, would produce a higher PCT. The differences in PCT
as reported in the Reference 3 sensftivity studies confirmed that the effect of
the zssumption of a C-percent energy deposition fraction outside the fuel roc
is small.

3.1.2 Iwo-Phase Energy Flow Model

The enthelpy flow rate for the two-phase flow is cetermined using & drift-flux
correlation developed from the work of J.A, Holmes (Ret. 4) and includes a
counter-current flow limitation (CCFL) correlation of the form defined by

H.B., Wallis (Ref. 5). The constants used in the CCFL correlations originally
were derived from formulations and dats developed by R.V. Bailey (Rei, 6) anc
$.0. Eriksson (Ref. 7). Westinghouse has performed a series of experiments to
test the conservatism of the CCFL correlation. The results incdicate that the
CCFL correlation used in the GOBLIN/DRAGON is 25 percent more restrictive in
the liquid drain flow rate than was observed in the experiment.

3.1.3 Two-Phase Level Tracking

GOBLIN can specify & series of control volumes in which a two-phase level is

to be calculated and t-acked with time. The level tracking mode! replaces a
fixed control volume b.oundary with @ moving boundary located at the two-phase
level. The flow rate through the boundary is determined by maintaining
continuity of the phasic flow rates through the two-phase ievel for a given
level velocity. The phasic flow rates are calculated for the volume above and
below the level by the drift-flux correlation., With level tracking, the
control volume boundaries continuously change with time. Hence, the boundaries



of the level-tracking region become a significant nodalization parameter. The
use of moving boundaries at the two phase level is consistent with other ECCS
ev2luation models which have been approved by the staff,

3.1.4 Frictiona) and Local Form Pressure Drop Correlstions

The original two-phase multipliers in WCAP-11284 for the frictional and local
form pressure drop were modified for the QUAD+ fuel design modelled for the
sensitivity studies reported in WCAP-11427., Other modifications will be
required when the methodology 1s applied to an accepted fuel design,

3.1.5 Injection-Flow/Vessel-Fluid Interaction

The externa)l water is added to a contrc]l volume as @ mass and energy source
ftem, If the water level falls below the injection point, the injection water
is added to the licuid in the uppermost 1iquid control volume, together with
the steam that has condensed from the upper control volume. A falling distance
of 0.2 meter assumed in the GOBLIN analysis 1s based on experimentel data (Ref,
&) that demonstrates that the injection water has essentially reached
saturation in that distance.

3.1.6 Critical Flow Model

The GOBLIN code uses the Moody critical flow mode! for the two-phase break
flow and 2 modified Bernoulli mode! that assumes 2ero flow resistance from
stagnation point to the exits for the subcooled critical flow. Both models
are typica)l of those used in approved ECCS evaluation models.

3.1.7 Heat-Transfer Regimes

The heat-transfer regimes modeled in GOBLIN are identified in Sections 2 and 2
of WCAP-11284. The regimes are characterized by dryout conditions, single-
and two-phase fluid conditions, and Reynolds' Number. Void fraction limits
denote transition to dispersed flow conditions and transition from inverted
annular flow to dispersed flow.



During its review, the staff noted that & maximum differential of 2.5 percent
in voids could result in an oscillatory solution instability. However,
Westinghouse responded that no oscillatory solutions have been observed before
core reflood.

3.1.8 Dryout Correlation

The boiling transition between non-dryout heat transfer and post-dryout heat
transfer is determined from a critical heat flux (CHF) correlation. The CHF
used 15 the maximum between a flow=bofling and a pool-boiling correlation.
Mestinghouse has conducted steady-state and transient CHF tests using 2
simulated QUAD+ mini-bundle. The resulting test data were used to develop and
verify the WB-1 correlation (for QUAD+ fuel), which uses the critical quality
boiling length formulation. This correlation was intended to replace the AA-74
correlation for use in the QUAD+ fuel analysis. The ctaff has not reviewed the
WB-1 correlation; & staff-spproved correlation must be used when the subject
ECCS methodology 1s used 1n & licensing anglysis.

3.2 Rud Heatup Analysis Codes: CHACHA-3C/BILBO

Detziled fuel rod heatup calculations ere performed with the CHACHA-3C code
using boundary conditions of the coolant pressure and temperature supplied by
DRAGON. The prime use of CHACHA-3C is to determine the PCT at the hottest
axial plane in the peak power bundle. It also is used to determine the total
hydrogen generation by evalueting loca! cladding oxidation at & number of
axial and radia) locations in the core.

The major components of the CHACHA-3C code include (1) a fuel rod conduction
model; (2) a channe] temperature model; (3) a heat generation model; (4) a
metal-water reaction model; (5) @ gas plenum temperature and pressure model;
(6) a pellet/cladding-cap, heat-transfer model; (7) a cladaing strain-and-
rupture model; (B) @ thermal radiation model; and (9) a spray hest-transfer
model. The first two models use @ conventional finite-difference method to



treat heat conductior in the fuel rod and channel., The heat generation mode!l
in CHACHA-3C is 1dentical to that in GOBLIN/DRAGON. The gas plenum
temperature-and-pressure mode! and the pellet/cladding-gap, hest-transfer mode)
use the analytical models in the NRC-approved PAD code. The cladding strain-
and-rupture mode! uses the NRC-approved materials properties data from MATFRO
Version 11 and General Electric (GE) stress/strain correlations, including
cladding strain versus temperature before perforation, circumferential strain
versus cladding differentia) pressure, and a lower bound curve for the data for
strain versus temperature taken from NEDO-20566 (Ref. 9). The following
subsections describe the thermal radiation and channel rewet models.

3.2.1 Therma) Radiation Mode)

The thermal radiation mode! was formulated using the following assumptions:
(1) A1 surfaces in the rod bundle are gray, diffuse, and nontransparent.
(2) The emission of radiation takes place isotropically.

(3) Reflection of radiation is divided into isotropic and anisotropic
components.

(4) The anisotropic reflection reverts back to the origin of radiation,

(§) Absorption, emission, and dispersion in coolant are omitted.

(6) A1 surfaces are in therma) quasi-equilibrium during each time step.
The gray-oody factors are calculated by the auxiliary code BILBO, which
evaluates geometric view factors ‘or two geometries: (1) all rods at norma)

gimensions, and (2) all rods fully strained. The emissivities of dry and wet
surfaces are taken as (.67 and 0.96, respectively.



The therma]l radiation mode! {s considered conservetive and adequate because of
(1) the derivation of the dry emissivities taking into consideration oxide
bui.dup as & function of local burnup, and (2) the omission of coolant
absorption,

3.2.2 Spray Heat-Trans’er Mode!

ASEA-ATOM (A-A) has performed experiments using the A-A BxE design and
demonstrated that the Appendix K coefficients acceptable for the 7x7 fuel are
applicable to the A-A BxB design, when an isotropic radiation model was used.
A-A also developed the convective hest-transfer coefficients that when applied
with an anisotropic mode]l would match the 8xB temperature distributions
calculated with the Appendix K coefYicients and the isotropic model. This new
set of coefficients then was reduced by 15 percent for the QUAD+ fuel bundle
design,

The westinghouse ECCS evaluation mode] compliance with Appendix K, Sections
1.0.6 and 1.D.7, use convective heat transfer coefficients derived from the
Appendix K-recommended values. The experimenta) date used to verify the
values shoul” be justified 2s applicable to the particular fuel design for
which the overall methodology is to be applied.

4.0 CODE SENSITIVITY STUDIES AND ASSESSMENT

4.1 Nodalization

westinghouse has performed sensitivity studies for the nominal (six volumes),
coarse (five volumes), and fine (eight volumes) czses near the break location,
The pressure and void at the breek indicate that the coarse noding 1is
nonconservative because of 2 lower brezk flow. However, the fine and nominal
cases compare well throughout the transient,

Westinghouse also performed sensitivity stucdies in the bypass and upper plenum
to demonstrate adequate noding at injection locations of the ECCS. Five cases
were studied, and the results show that the mid-plane reflood times compare
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well when the level tracking scheme was used. The sensitivity to the location
of the bottom of leve)l trackings is negligible. A coarser noding case results
in a slightly different time of refilling guide tubes anc bypasses. However,
the final reflooding time of the mid-plane (a perameter in determining the PCT)
remains within & time period of one second of the standard nading cese,

The standard CHACHA-3C fue! rod noding consists of seven pellet nodes of equal
volume and three cladding nodes of equal thickness. The sensitivity of the PCT
to fuel-rod noding was evaluated by comparing results obtained from the
standard case to those obtained with S-pellet/2-cladding nodes and 10-pellet/
4-c’adging nodes. The results indicate negligible difference in the PCT
calculated from three cases. As & result, it i1s concluded ihat standard fue
noding is eppropriate for CHACHA-3C, CHACH2-3C uses the watercross thickness
to calculate channel temperature. The sensitivity to the thickness of channel
and watercross was evaluated, and results show that the PCT is reletively
frsensitive to the channel noding and is overestimated by 16°F using the
water-cross thickness,

4.2 Plant Parameter Studies

The sensitivity of the nuclear peaking factors, including the axial peaking
factor, bundle relative power, and peaking location, was evaluated, Five
cases were studied, and the results show that the cases with a higher bundle
relative power dried out and uncovered faster than the cases with & lower
bundle relative power, The PCT for the prak-to-top power is slightly higher
than that for the cosine power (by 25°F). However, the peak-to-top power
would correspond to an operation with the control rods inserted approximately
halfway into the core, which is inconsistent with the full-power operation.
Because of the relative insensitivity to the power distribution and the
inherent tendency of BWRs operatino with siightly peak-to-bottom power shapes,
the 1.5 cosine shape has been used in the DRAGON model. Axfal peaking factors
were considered as part of the power distribution sensitivity studies by
Westinghouse. The sensitivity study for axial peaiing factors in the range
1.5 to 1.6 covers the upper bound normelly expected for a BWR/5. It is
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concluded that adequate consideration has been given to the sensitivity of the
nuclear peaking factors,

Nestinghouse has performed studies varying the plant initial conditions and
transient conditions (scram time, time of main steam fsolation valve (MS1V)
closure, initial water level, pressure form-loss coefficients, and feedwater
and recirculation pump coas'down rates) to cetermine their effect on the time
of mid-plane dryout. The results show that the largest change ‘n mid-plane
dryout time as & cuonsequence of any of these sensitivities was about 1 second,
As 2 result, the plant varifables used in the Westinghouse evaluation models are
consfdered adequate.

A reduced core flow sensitivity was performed for 66 percent of rated core flow
and 104.3 percent rated power. Because of the initial lower enthalpy ir the
Tower plenum, the reducec core flow case would delay the lower plenum flashing
by 1 second end extend the midplane dryout by 2.5 seconds., As a result, the
refererce LOCA would result in 2 higher PCT and 1s more conservative,

4.3 Numerical Convergence

NWestinghouse has varied convergence criteria anc time steps to show that the
calculated solution 1s unigue and within acceptable limits of the ideal
asymptotic solution. Three convergence criteria were involved: thermal-
hydraulic, fuel rod temperature, and surface hest transfer. A range of
convergence criteria (by three orders of magnitude), time-step size (by o-e
order of magnitude), and surface heat transfer (by one order of magnitude)
were studied.

Three key systen parameters, steamdome pressure, rod surface temperature, and
core void fraction calculated from GOBLIN/DRAGON, demonsirated an asymptotic
solution as the time-step size was reduced. The calculation of pressure shows
the sensitivity of hydraulic modeis; the surface temperature calculation
demonstrates the sensitivity of the heat transfer models, and the void fraction
calculaticn warrants the adequacy of core flow rate, heet rate, and pressure.
Varying the convergence criteria has negligible effect on the GOBLIN/DRAGON
solutions,



Convergence criterie in CHACHA-3C also have been changed by an order of
magnitude: the relative change in both rol surface heat flux and rod surface
temperature, the absolute change in nodal temperature, and the relative change
in chanrel temperature were the parameters identified in Reference 2, Section
7. The results show identical PCTs in the two runs. In order to evaluate the
sensitivity of time-step sfzes, values of time-step sizes were reduced by 80
percent for different phases: blowdown, dryout, dryout to uncovering,
iincovering to reflood. The results show a difference of approximately 2°F in
PCT.

It is concluded that the time-step/convergence criterie study conducted by
Nestinghouse demonstrates convergence of the GOBLIN/DRAGON and CHACHA-3C codes
to @ unique asymptotic solution,

4.4 EBreak Spectrum

The limiting break ¥s & combination of break size, location, and single
failure that yields the highest PCT, The break spectrum studied by
Nestinghouse included:

Case I: A full guillotine break in & recirculation suction lTine with
failure of the low-pressure core spray (LPCS) diese! generator,

Case 11: A full guillotine break in 8 recirculation suction line with
failure of the high-pressure core spray (HPCS) system,

Case 111: A 0.0084-m? (0.09-ft2) split break in a recircvlation suction
1ine with failure of the HPCS system.

Case 1V: A full break in a spray line with failure of the LPCS diese)
generator (Division I).

For Case |, additiona) break sizes of 80 percent, 60 percent, and 40 percent
of the full hreak were analyzed. Based on the results from Case 1 (four break
sizes) and Case 11, the full-size break in Case I would result in a higher PCT
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of 1897°F, This was mainly because of a larger break size (compared with
fractiona) break sizes) and smaller ECC flow {loss of LPCS versus HPCS flow).
Cases 111 and 1V are considered to be smal) breaks, Both cases result in a
substantially lower PCT than that from the Case I full break by ebout
800°-900°F. The Westinghouse rasults were compared with those from the GE Ex
safety anelysis for the reference BWR., The Westinghouse-calculated PCTs are
relatively consistent with the GE results, The differences in the P(Ts can be
attributed to a different maximum linear heat generation rate used
(Westinghouse 14,5 kW/ft versus GE 13.4 ')/ft) and an earlier calculated low
level 1 signal in the Westinghouse anal is, An earlier low level 1 signal
would result in ar earlier MSIV closure, an earlier automatic depressurization
system actuation, and an earlier subsequent ECC injection. Regardless, in
either analysis, the result 1s the same; namely, that the small LOCA is
significantly less limiting than the 100 percent, double-ended ouillotine
recirculation pipe break,

4.5 Transition Core

Reload analyses have been performed by Westinghouse using GOBLIN for a full
QUAD+ core, 2 mixed core of GE 8x8 fuel and QUAD+ fuel core, and a full core
of GE 8x8 fuel. The key phenomens compared include the core inlet flow rate
guring blowdown, the vessel depressurization rate, and the time of core
reflood. The core inlet flow dictates the time of boiling transition and
uncovering. The vesse! depressurization rate determines the time at which
spray flow is initiated. The reflood time determines the time at which the
fuel rod heatup is terminated.

P full core of GE Bx8 fue) was modeled by GOBLIN with necessary modifications
of the noding set for the QUAD+ tuel. The general system responses are similar
for the GE 8x8 fuel core and the QUAD+ fuel core. The QUAD+ active core flow
s slightly higher before lower plenum flashing as a result of draining of the
watercross, The mid-plane dryout times are almost the same (by a 0.7 second
difference). The vessel depressurization rate is almost identical. The mic-
plene reflood times differ by 7 seconds because the watercross helps refill
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the lower plenum s1ightly faster in the QUAD+ core. Therefore, similar system
respenses for the two fuel designs were concluded for the limiting LOCA,

Westinghouse 21so did » mixed-core LOCA system response analysis to demonstrate
that esch fue! design does not have an adverse effect on the other fuel design.
A GOBLIN calculation was made with one third 8x8 fuel and two thirds QUAD+
fuel. The results of times for the initial blowdown phenomena, depressurize-
tion, and core flood closely follow that for a full core of QUAD+ fuel. The
active core inlet flow and flow rate at the top of each fuel type are similer,
eng both assemblies receive comparable ECC flow rates. The potential of an
uneven flow distribution of ECC 1 er into different fuel assemblies during the
refi1)/reflood phase wes studied anc excluded,

In summary, results from the analyses for the Bx8 fuel, QUAD+ fuel, and @
mixed core fus'! showed very minor changes in the timing of the key phenomena.
As & result, introdu.ing the QUAD+ fue) in & trensition core of GE 8x8 fue)
will not edversely affect the fuel-type-specific LOCA maximum average planar
linear heat generation rate limits determined on the basis of & full core of
the respective fuel type.

The use of & different fue! design other than QUAD+ fuel 1n & transition core
should be addressed in a generic Reference Safety Report,

6.0 INTEGRAL SYSTEM QUALIFICATIONS

The system codes were assessed against several tests., These tests provided
informetion on the integra)l system behavior under the influence of wany
interacting thermal-hydraulic phenomena. Westinghouse provided comparisons
using the experimental cdata from TLTA Test 6425/2 (average power & © average
ECC), TLTA Test 6423/3 (high power and low ECC), TLTA Tests 6007/26 and 6006/3
(blowdown heat transfer), TLTA-5B and -5C sma)l-break LOCA tests, and the
FIX-11 break spectrum tests. The resu'ts from a preliminary assessment
indiceted that the comparison of the Westinghouse simulations and these tests
was unsatisfactory, particularly in the areas of time-zero offsets, systen
pressure, bundle mass, break flow rate, and fuel rod temperature. Other issues
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needing clarification included code versions (the Westinghouse version versus
the A-A version) and supporting plot deta,

Westinghouse responded to our request for additions) informetion by performing
edditiona) analyses using TLYA 6423/3, which involves & large-break LOCA with
high power and low ECC. Major improvements made in these analyses included @
much better match of the initia) and boundary conditions with the tests,
particularly for the initia) downcomer mets fnventory, lower plenum enthalpy,
and steamline flow rate, The downcomer mess affects the initia) depressurize-
tion through the recirculation line uncovering; the lower plenum enthalpy
affects the time of lower plenum flashing; and modeling of the steamline valve
closure improves the early pressure transient,

The GOBLIN simulation of TLTA Test 6423/3 excluded severa)l Appendix
eveluetion mode) requirements in order to best simulate the test phenomena,
The differences between the simuletion assumption/modeling ano the Appendix K
requirements are as follows:

. Rewetting cf the fue) rods was allowed.

* The best-estimate homogeneous equilibrium critice) flow mooe)l with
subcooled flow multipliers on TLTA orifice critical flow data wes used,
replacing the Appendix K-reouired Moody model,

. The actua) test power history was used instead of the Appendix K-required
ANS 1971 decay heat curve plus & 20 percent conservatism,

The celculated system pressure and mass flow were compared with measured data,
The calculated pressure before the MSIV closure compares wel)l with the measured
gata. The bundle inlet flow for the inftia) phase of the transient agrees with
the experiment. The good agreement of the tota) mass inventory and system
pressure confirms the accurate calculation of the break flow through the
transient, Westinghouse 21so provided data on the mass inventory in the
components of the system, The mass inventory distribution, including
downcorer, bypass, guide tube, upper plenum, and lower plenum, was provided and
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compered fairly well with the test results, Comparisons of the test thermo-
couple measurements at various elevations with GOBLIN predictions show general
sgreement in trengs and timing (Ref. 3); the selection of nodes for the rod
dryout, heatup, and rewet comparisons is acceptable,

To demonstrate the conservative margin, Westinghouse performed more rod
temperature analyses incorporating portions of the Appendix K requirement (no
rewetting of the rods, zero heat-trarsfer coefficient following uncovering, and
Appendix K-prescribed heat-transfer coefficients during spray cooling and

after reflood). The resulting rod temperature shows about & 380°F margin. An
additional PCT margin s inherent in the evalustion mode! because of other
conservative Appendix K requirements excluded from the simulation (that is,

the Moody break flow mode)! and decay heat curve plus 20 percent

conservatism),

6.0 COMPLIANCE WITH APPENDIX K REQUIREMENTS

Appendix K to 10 CFR Part 50 sets forth certain required and acceptable
features of eveluation models for calculating ECCS performance to demonstrate
thet the acceptence criteria of 10 CFR 50.46 are met. These required and
scceptable features involve buth individue) calculational models and inputs to
the licensing model,

The staff, with assistance from LANL, has conducted a review of the
Westinghouse botiling water reactor ECCS eveluation model (BWR ECCS EM) to
verify complfance of the mode! with 10 CFR Part 50 Appendix K, requirements
and to ensure that the methodology provides an acceptable calculationa) frame-
work for evaluating the behavior of & BWR reactor system during a postulsted
loss-of-coolent accident in the classes of boiling water reactors presently
licensed for operation, The review included those aspects of the methodology
relevant to the calculation of peak cladding temperature (PCT) and hydrogen
generation for a spectrum of break sizes.
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Conformance of the Westinghouse BWR ECCS EM to each appliceble item of the
requirements established in 10 CFR Part 50, Appendix K, concerning ECCS
evelustion mooe)s 1s addressed in the following.

1. Reguired and Acceptable Features of the Evaluation Models
1.A, Sources of Heat During the LOCA

A11 Yicensing besis LOCA calculations will be performed for a power
Tevel 1,02 times the 1icensed power level as required by Appendix K,

1.A.1, The Initia) Stored Energy in the Fuel -- Fue) rod conditions
ot the inftiation of the postulated LOCA are generated using an
spproved methodology (the FAD code). An evaluation was performed to
determine a conservative burnup for the reference fuel design. These
consicerations result in acceptable complience with Appendix ¥,

1.A.2. Fission Heat -- Fission power and point kinetics parameters
are developec using an NRC-approved methodology (the PHOENIX code).

1.A.3. Decay of Actinides -« The actinide decay power is determined
using & mode] described in American Nuclear Society Standard 5.
“Decay Energy Release Rates Following Shutdown of Uranium-Fueled
Therma) Reactors."” This mode) 1s used for the calculetions at the
time in the fuel cycle that yields the highest calculated fue)
temperature during the LOCA, as required by Appendix K,

1.A.4, Fission Product Decay -- The acceptable mode] ANS Standard
6.1 1s vsed with & 1.2 multiplier as prescribed in Appendix K,

1.A.5, Metal-Water Reaction Rate -- The rate of energy release,
hydrogen generation, and cladding oxidation 1s determined from the
Baker-Just equation which 1s acceptab’e as specified in Appendix K,
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1.A.6. Reactor Internals Heat Transfer -« Heat transfer from
non-fuel reactor components have been considered, as required by
Appendix K,

1.B. Swelling and Rupture of the Cladding and Fuel Rod Therma) Parameters

As discussed in Section 3.2 of this Sefety Evaluation, the cladding burst
mode! employed in the Westinghouse BWR ECCS EM 1s 2 mode) developed for
CHACHA-3C and which uses NRC-approved materials properties dats. Cladéing
stress/strain functions are taken from 2 previously spproved methodology.

1.C. Blowdown Phenomena

1.C.1. Break Characteristics and Flow -~ The sensitivity study
provided by Westinghouse included the results of & break spectrum
analysis for a BWR/S, Plant-specific applicetions should include

or reference & sensitivity study applicable to the facility BWR
class. The discharge mode) used 1n BWR ECCS EM is the Moody mode ) as
specified in Appendix K and 1s acceptable.

1.C.2. Frictiona) Pressure Drops -~ The frictional losses are
caleuleted with commonly accepted relationships of friction factor
and Reynolds number and two-phese friction multipliers as requirea by
Appendix K.

1.C:3. Momentum Equation -~ The momentum equation used in the
GOBLIN series of codes includes all terms specified in Appendix K.

1.C.4, Critical Hest Flux == A staff-approved correlation must be
used when the subiect methodology is used in @ 1icensing analysis.

1.C.5. Post-Critica) Heat Filux Heat Transfer Correlations -- The
heat transfer correlations used in GOBLIN are the Groeneveld 5.7
correlation specified in Appendix K or other NRC-gpproved
correlations,
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1.C.6. Punp Modeling -+ The recirculation pump model used 1in
GOBLIN 15 developed from & basic conservation of angular momentum
equation, Single-phase and degraded two-phase pump performance are
modeled through performence curves which are addressed in a plent-
specific application, The jet pump mode! in GOBLIN accounts for
momentum and resistance effects as required by this rule ftem,

Section 1.C.7 1s not applicadble to BWRs.
Post-Blowdown Phenomena; Meat Removal by the ECCS

1.0.1. Single Failure Criterfon -« The sensitivity studies
provided by Westinghouse included relevant single feilure
considerations ano comparisons with previous evaluetions by the
nuclear steam supply system vendor, This {s scceptable.

1.0.2. Containment Precsure =« GOBLIN analyses wil) conservatively
assume atmospheric pressure in the containment volume throughout the
LOCA transient. This assumption adequetely sdcresses the requirements
for this feature of Appendix K,

Sections 1.D.3 through 1.D.5 are not applicable to BwRs.

1.0.6. Convective Heat Transfer Coefficients for BWR Fuel Rods
Under Spray Cooling == The Westinghouse CHACKA-3( code will use the
rod surface heet transfer coefficients caleulated by DRAGON before
the end of lower plenum flashing. After this perfod, the convective
coefficients will be derived from Appendix K recommendations. Heat
transfer coefficients developed from experimenta) dats should be
justified as applicable to the particular fuel design for which the
overal) methodology is to be used.

1.0.7, The Boiling Water Reactor Channel Box Under Spray Cooling -
The Westinghouse CHACHA-3C code will use the convective heat
transfer coefficients calculated by DRAGON prinr to the enc of lower
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plenum flashing. After this period but prior to core spray reaching
reted flow, the channe) convective heat transfer coefficient will be
set to zero., Experimental deta used to verify the applicability of
heat transfer coefficients cerived from Appendix K recommended
values should be justified as applicable to the particular fuel
design for which the overal) methodology is to be used. The channel
wetting time will be determined based on the modified Yamanouchd
correlation plus 60 seconds, as prescribed by Appendix K,

11. Required Documentation

The documentation provided in References 1 through 3 was 1n sufficient detat)
which (1) a)lowed technical review of the analytical approach, (2) provided
sensitivity studfes of pertinent variables, system and fuel noding, and
celculationa) time step, (3) provided adequate comparisons with experimental
date, end (4) demonstrated an acceptable margin of safety comperable to other
acceptable evaluation models,

The staff has confirmed that Wectinghouse has addressed those features of
Appenciix K applicable to BWRs,

7.0 CONCLUSI0NS

The Westinghouse BWR ECCS evaluetion model (WCAP-11284) and sensitivity studies
(WCAP-11427) were reviewed in reference to the Appendix K requirements., We
conclude that Westinghouse/ASEA-ATOM has developed and documented an adequate
information date base to address and meet the Appendix K requirements,
Westinghouse also has performed an integral system qualification analysis to
compare the ECCS mode! calculations against applicable groups of test data.

From our present evaluation of the adequacy of the models used in the
Westinghouse BWR ECCS EM and the conformance of the calculations to Appendix K
requirements, 1t is concluded that the mode! described in Reference 1 will
provide adequately representative and conservative predictions for large-break
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and small-break LOCAs 1n boiling water reactors. Because the enalysis predic-
tions were based on date and characteristics of & fue) design (QUAD+) not
presently scheduled for production and commercial use, this conclusion 1s
subject to certain conditions before use of the methodology for licensing
actions. These conditions are specified in the following Regulatory Position,

Regulatory Position

(1) The staff concludes that the Westinghouse BWR ECCS EM provides an
acceptable eveluation mode) of loss-of-coolant accidents for use in
calculations of peak clad temperature (PCT) and hydrogen generation made
in accordance with Appencdix K licensing calculations for large-break and
sma11-break LOCAs in boiling water reactor BWR/2 through EWk/6 plants,
The basis for this position is the staff review of licensing topica)
reports WCAP-11284 (Ref. 1) and WCAP-11427 (Ref. 2) and the evaluation
summarized in this safety evaluation, This conclusien 1s subject to the
conditions described in paragraphs 2 end 3 below,

(2) Tre staff concludes that the Westinghouse BWR ECCS EM has provisions and
options to conform with the required modelling features of Appendix K,
Conformance to plant-specific requirements of Appendix K (e.g., 1.C.6,
Pump Modeling) for use in licensing calculations must be specified in the
license application reload safety analysis report. This report should
include or reference a sensitivity study for the BWR type identified in
the license application,

(3) Certain specific mode) areas of the Westinghouse BWR ECCS EM discussed in
WCAP-11284 are specific to & fue) desfgn (QUAD+). These areas are the
critica) heat flux (CHF) and fue)l design characteristics for the QUAD+
fuel assemblies. A staff-approved CHF correlation must be used when the
subject ECCS methodology 1s used 1n a2 licensing analysis (Section
3.1.8). The experimenta) data used to verify the convective spray heat
transfer coefficients should be justified as applicable to the particular
fuel design for which the overall methodology 1s to be applied (Section
3,2.2)., The use of a fuel design other than QUAD+ fue) in 2 transition
core should e1so be addressed.
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1. INTRODUCY

1.1 Evaluation ]

The Westinghouse Boiling Water Reactor (BWR) Evaluation Model used to
colculate the performance of the Emergency Core Cooling (ECC) System during a
postulated Loss-of-Coolant Accident (LOCA) 1s known as the GOBLIN series of
codes.

The GOBLIN series of codes, es described in this document include therma)
hvdraulic models that comply with all applicable 10 CFR Part 50.46 and
Appe. . ~ K (Ref. 1-1) requirements and therefore represents an overal)
conservative calculation of the fuel cladding temperature and oxidation
following & LOCA, Westinghouse at & future time may elect to modify the
models described in this report as a result of new information obtained
through either Westinghouse experiments or public sources. Information as a
result of Westinghouse experiments mey demonstrate efther excessive
conservatisms in Appendix K requirements or LOCA margin inherent in the
Westinghouse BWR fuel assembly design.

The GOBLIN series of codes uses one-dimensional assumptions and solution
technigues to calculate the BWR transient response to both large and smal)
break LOCAs. The series is composed of three major computer codes-=GOBLIN,
DRAGON and CHACHA-3C; an auxiliary code--BILBO;, and several input/output data
processors~~HOBIT, FRODO, CNINE, PLOAUX, and SUPERB. DRAGON is virtually
identical tc GOBLIN except several calculatiun models are bypassed. A brief
descriptisn of each code follows,

GOBLIN - Performs the analysis of the LOCA blowdown and reflood therma)
hydraulic transient for the entire reactor, including the interaction with

various control and safety systems.

DRAGON - Performs the hot fuel channe! thermal hydraulic transient
calculations using boundary conditions from the GOBLIN calculation.
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CHACHA-3C - Performs detaiied temperature calculations at a specified axial
leve] within the fue) assembly previously analyzed by the DRAGON code. A1)
necessary fluid boundary conditions are obtained from the DRAGON calculation.
CHACHA-3C calculates the time-dependent pellet to clad gap heat transfer
coefficients along with clad swelling and potential burst. It determines the
temperature distribution of each rod throughout the transient and ultimately
the peak clad temperature (PCT) and cladding oxidation at the axial plane
under investigation. It also provides input for the calculation total
hydrogen generation, by supplying the local oxidation at 2 number of axial and
radial locations in the core.

BILBO - Calculates the radiation gray body factors for input into GOBLIN,
DRAGON, and CHATHA-3C,

HOBIT - Performs input processing for GOBLIN and DRAGON.
FRODO - Performs restart data processing for GOBLIN and DRAGON.

CHINE = Transfers the therma) hydraulic boundary conditions from the DRAGON
calculation to CHACHA-3C,

PLOAUX - Processes output data for generating plots.

SUPERE - Generates the plot diagrams.

The flow of information between GOBLIN, DRAGON and CHACHA is shown in
Fig. 1-1, Figure 1-2 shows the interaction between the GOBLIN series of
computer codes.

1.2 References

1-1. Code of Federal Regulations, Title 10 Part 50, Office of the Federa)
Register, National Archives and Records Administration, 1986.
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2. SUMARY OF ANALYSIS CODES
2.1 GOBLIN/DRAGON

The GOBLIN code perfoms the thermal hydraulic calculations for the sntire
reactor during & postulated LOCA using one-dimensiona) assumptions, The
system response from blowdown through reflood is calculated by GOBLIN for both
lerge and sme)) break events,

The reactor is divided intc & user specified number of mass/energy contro)
volumes and flow paths, The flow paths represent momentum contro) volumes
between adjecent mass/energy contro) volumes. Figure 2-1 shows 2 sample
geometric representation for the GOBLIN code.

The GOBLIN code can be divided into four main sections (Fig. 2-2):

© The hydraulic mode! solves the mass, energy, and momentum conservation
equations together with the equation of state for each control volume.
This mode) includes empirical constitutive correlations for the
calculation of pressure drops, two-phase energy flow (drift flux),
two-phase leve! tracking, spray-fluid interaction, and critica) flow rate.

© The system models contain detailed models of the various reactor
components, and the safety systems that are activated after a LOCA. They
include the steam separators and dryers; reactor leve) measurement, trip,
and depressurization systems; recirculation and jet pumps; and emergency
core cooling systems,

© The thermal mode! calculates the heat conduction and heat transfer from
the fuel rods, pressure vessel, and internals (plates) to the coolant.
This mode! solves the material heat conduction equation and calculates the
heet transfer from the fuel and structures to the coolant,
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o The power generation models calculate the heat generation due to fission,

decay heat, and metal-water reaction, Fission power is determined by &
reactor point kinetics model.

A fully implicit numerica) method is used to solve the hydraulic mode! and the
simultaneous heat transfer and thermal conduction solution. Only the heat
flux into the coolant is treated explicitly.

The fo)lowing provides a summary description of the main GOBLIN/DRAGON
models. A detailed description is given in Sec. 3.

2.1.1 Hydraulic Model

The hydraulic mode! solves the governing equations for the coolent flow. They

are:
o Mass Conservation
0 Energy Conservation
° Momentum Conservation

0 Equation of State

The fluid conservation equations (Sec. 3.1 and 3.2) include all terms in the
theoretica) derivations for one-dimensional, drift-flux, therma)l equilibrium
flow with the exception of the kinetic and potential energy terms in the
energy balance. These terms are negligible in the type of calculation
considered here.

The above set of eguations together with the necessary secondary relations and
constitutive correlations form a complete system of equations for calculating
the fluid flow phenomena.

The conservation equations for the fluid flow are integrated over “control
volumes" and the resulting set of equations are cast into finite-difference
form using a fully implicit scheme.
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The contrel volumes for the mass and energy equations consist of fluid volumes
prescribed by the user. The contro) volumes for the momentum balance consist
of the volume between the centers of adjacent fluid volumes and are denoted by
flow paths as shown in Fig. 2-1.

For each control volume, values of pressure, enthalpy, mass inventory, and
boundary coolant flow are determined by the solution of the conservation
equetions, From secondary relations and the constitutive correlations,
properties such as steam qualities, void fractions, fluid temperatures,
two-phase level, etc., ere calculated.

Several empirica) constitutive correlations are necessary to complete
formulation of the basic fluid equations, The most important correlations in
the hydraulic mode! of the GOBLIN code are:

0 Two-phase energy flow (drift flux) correlations (Sec. 3.3.1)
° Two-phase leve! tracking (Sec. 3.3.2)
0 Friction and loca) pressure drop correlations (Sec. 3.3.3 - 3.3.4)

° Correlations for the interaction between injected water and the
resctor inventory fluid (Sec. 3.3.5)

° Critica) flow rate correlations (Sec. 3.3.6)

In the pressure drop calculation, correlations are provided for single-phase
friction factors and two-phase friction and local form pressure drop
multipliers. The two-phase energy transport between volumes is celculated by
a relation based on drift flux and countercurrent flow limitation (CCFL)
correlations. The CCFL correlation is a genera) formulation applicable to
different flow geometries.

The interaction of emergency core cooling (ECC) water introduced into a
control volume with the fluid in the volume is modeled. Specifically the
mode) calculates the condensation rate of steam when the ECC water is injected
above a two-phase leve).
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The choked flow mode) is comprised of the Moody model (Ref. 2-1) with a
subcocled extension according to P. Pana (Ref. 2-2).

2-1.2 System Models

GOBLIN includes models for the following boiling water reactor system and
components.

o The main recirculation pumps (Sec. 3.4.1)

o The jet pumps (Sec. 3.4.2)

o The separators and dryers (Sec. 3.4.3)

o The feedwater and steamline systems (Sec. 3.4.4)

o The reactor protection system (Sec. 3.4.5)

¢ The reactor leve! measurement system (Sec. 3.4.5)

o The pressure relief system (Sec. 3.4.5), and

o The emergency core cooling (ECC) injection and spray systems (Sec. 3.4.5).
The speed of the main circulation pumps is determined from the solution of the
angular momentum balance for the pump impeller. This eguation is solved
simultaneously with the fluid conservation equations. The applied torque
represents the net torque from all sources, i.e., the hydraulic interaction
between the fluid an the pump impeller (usually referred to as the "hydraulic
torque"), frictional losses in the rotating machinery, and torgue supplied by
the pump motor. The pump head and hydraulic torque are determined from user

supplied homologous curves which are & function of pump speed, volumetric flow
rate, and void fraction.
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The jet pump mode! modifies the one-dimensional momentum equation to account
for the spatial and temporal acceleration due to the significant momentum
exchange occurring between the jet pump drive and suctisn flows.

Models describing the efficiency of the steam separators and the steam dryer
are included. The mode! is based on the separation efficiency expressed by
the carryover fraction (water entrained in the steam to the steam dome) and
carry-under fractions (steam entrained in the water to the downcomer).

The steamline flow and moisture content can be specified as a function of
time. The feedwater system flow and enthalpy also can be specified with time.

Included in GOBLIN is a model to calculate the response of the level
measurement system, which is used to determine trip time and ECC system start
times. The loss-of-offsite power can be modeled to occur at anytime during
the transient with the subsequent diesel start, pump, and valve delays. The
steam pressure relief/safety valve system including the automaiic
depressurization system (ADS) is modeled in sufficient detail to account for
opening and reseat delays. The ECC systems for both spray and injection are
modeled using tables of flow rates as a function of differential pressure
between the reactor and the containment weiwell,

2.1.3 Thermal Mode!

The thermal model in the GOBLIN code calculates the heat transferred from the
fuel rods, reactor vessel, and internals to the coolant, for use in the
hydraulic transient calculation. The surface heat transfer and material heat
conduction problems are solved simultaneously to determine the total heat
transfer to the coolant.

The heat transfer coefficient couples the hydraulic solution to the thermal
conduction solution through the coolant state and surface temperature.
Empirical heat transfer coefficient correlations are modelled for:
single-phase liocuid heat transfer, two-phase non-dryout heat transfer,
transition boiling, two-phase post-dryout heat transfer, single-phase vapor
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and suriace to surface radiation heat transfer (see Sec. 3.5). The specific
regimes modeled are summarized in Table 2-1., The above heat transfer package
is used in the GOBLIN and DRAGON simulations only. The conservative
requirements of 10 CFR 50 Appendix K (Ref. 2-8) are applied in the CHACKA-3(
fuel heat-up simulation,

The radial heat conduction equation is solved for the fuel rods (axial
conduction is neglected) using an implicit finite-difference technique and the
eppropriate heat transfer coefficients as boundary conditions (Sec. 3.6).

Detailed models for heat transfer from the pressure vessel and the internal
are also included. These comz~ents are referred to as "plates". The user
cen specify any number of heat transferring plates which can be in contact
with coolant on both sides or isolated on either side. The one-dimensional
heat conduction equation is solved for a user specified nodal subdivision of
each plate using a finite difference technique. Each plate can be composed of
several different materials (Sec. 2.6).

2.1.4 Power Generation Models

The power generation portion of GOBLIN calculates the fission power, decay
power, and heat due to metal-water reaction in the reactor core (Sec. 3.7).
"he fission power generation in the core is calculated by & reactor point
kinetics mode! allowing for up to six delay neutron groups. Reactivity
feedback is included for void fraction, moderator (coolant) temperature
(Doppler broading), fuel temperature, and reactir control rods.

The decay power generation is calculated by the sum of eleven fission product
decay groups and the actinide decay of Uranium-239 and Neptunium-239. The
power fraction deposited in the fuel and coolant can be specified with time.

The power generation due to the exothermic reaction between the Zircaloy

cladding and water is also modelled. The Baker-Just Model (Ref. 2-4) wodel is
used to determine the heat generation due tc metal-water reaction.
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2.1.5 Numerical Methods

The mass, momentum, energy, and state equations along with the pump speed
equations are solved simultaneously using Newton's method. The Jacobian
matrix includes all derivatives and is inverted using a sparce matrix
technique by A. R. Curtis and J. K. Reid (Ref. 2-5). In cases where the
solution is close but converges slowly, a predictor-corrector method may be
invoked to speed the convergence (Sec. 3.8).

The rod and meta)l plate conduction equations &re solved by Gaussian

elimination and back substitution. The conduction equation and the surface
heat transfer are solved iteratively for the surface temperature. The point
kinetics mode! is solved using a second order integration method (Sec. 3.8).

The hydraulic mode! is solved implicitly with time. The thermal conduction
and heat transfer models are also solved implicitly with time. The hydraulic
and conduction solutions are coupled through the surface heat transfer. The
hydraulic fluid conditions are treated implicitly in the heat conduction and
heat transfer solution. The surface heat transfer, however, is treated
explicitly in the hydraulic solution (Sec. 3.8).

2.1.6 DRAGON

The DRAGON code is identical to the GOBLIN code minus several reactor system
component models. It also utilizes the GOBLIN code option of specifying
external boundary conditions from the results of another transient
calculation. The hydraulics, power generation, and thermal models are all
identical to that of GOBLIN.

DRAGON is used to simulate the hot fuel channel by specifying the inlet and
outlet plenum hydraulic conditions (i.e., pressure and enthalpy) from a GOBLIN
simulation. Since DRAGON uses boundary conditions supplied by the full GOBLIN
simulation, calculations of the containment, emergency core cooling, reactor
protection, leve! measurement, steam flow, and feedwater flow systems are not
required. Hence, calculation of these systems is skipped in a DRAGON
simuiation. The detailed discussion in Section 3 pertains to both GOBLIN

and DRAGON (although most references in the discussion are made only to the
GOBLIN code).
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2.2 CHACHA-3C/BILBO

The CHACHA-3C code calculates the temperature response of each fuel rod at 2
specified axial location in the hot bundle. Hydraulic boundary conditions are
furnished from the DRAGON hot channe)l thermal hydraulic calculation, The fuel
bundle radiation view factors and gray body factors used by CHACHA-3C (and
GOBLIN/DRAGON) are calculated by the auxiliary code BILBO,

The following is a summary description of the CHACKA-3C and BILBO codes. A
detailed description is given in Sec. 4.

2.2.1 Heat-up Analysis: CHACHA-3C

CHACHA-3C contains a1l of the calculational models necessary for a
detailed fue! rod heat-up analysis during a postulated BWR LOCA. The
key models in the code are summarized below:

© The fuel rod conduction mode! calculates the temperature response
throughout the transient of ezch fuel rod in the bundle
cross-section at an axial location (Sec. 4.1). The conduction
equation is set up in one-dimensional radial form and solved using
an implicit finite-difference method. Heat transfer coefficients at
the fuel rod surfaces are supplied by DRAGON for the portions of the
transient when Appendix K surface heat transfer coefficients are not
required. The coolant temperature used to calculate convective heat
transfer is also supplied by DRAGON.

© The channe! temperature mode! determines the channel temperature
transient throughout the postulated LOCA (Sec. 4.2). Heat addition
to the channel due to radiation from the rods and gamma heating is
accounted for. Convective heat transfer to the coolant is
calculated in the same manner as for the fuel rods.

o The heat generation model calculates the heat generation rates in
the fuel, cladding and channel throughout the transient (Sec. 4.3).
The magnitude and distribution of the heat sources are specified

through input.
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© The metal/water reaction model calculates the heat generation in the
cladding due to the exothermic reaction between Zircaloy and water
(steam) which occurs at high cladding temperatures (Sec. 4.4). The
effect of cladding strain on the reaction rate is included.
Reaction on the clad inner surface is also calculated if rod
perforation is predicted. The oxide front is tracked throughout the
transient, with the heat generated added as & heat source to the
appropriate cladding node(s).

© The thermal radiation mode! calculates the radiation exchange
between the fuel rods and the channel surface when the elevation of
interest is uncovered (Sec. 4.5). The mode! allows for anisotropic
reflection of radiation. Appendix K-equivalent spray cooling
convective heat transfer coefficients which are compatible with the
anisotropic reflection assumption are used.

© The gas plenum temperature and pressure model determines the
internal gas conditions for each rod throughout the transient
(Sec. 4.6). Three gas regions are considered--the plenum, the
pellet/cladding gap and the free volume within the pellet stack.
The plenum gas temperatures are calculated using a detailed heat
transfer model. The effective rod gap and free volume gas
temperatures are conservatively assumed to be equal to the gap and
pellet average temperatures, respectively, at the elevation of
interest. The gas pressure is determined from the ideal gas law.

© The surface wetting model determines the time delay from spray
initiation to rewetting of the channel surface at the elevation of
interest (Sec. 4.7). This model is based on the modified Yamanouchi
correlation ~ecommended in Appendix K. When rewet is calculated to
occur the channel temperature is set to saturation, and gray body
factors consistent with a wet channel surface are used in the
radiation calculation.
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o The pellet/cladding gap heat transfer model calculates the gap
conductance throughout the transient based on the gap dimensions and
the composition, pressure, and temperature of the gas in the gap
(Sec. 4.8). A radiation heat transfer component is added to obtain
the total gap heat transfer,

o The cladding strain and rupture model calculates the change in
cladding dimensions throughout the transient and determines whether
rod perforation has occurred (Sec. 4.9).

2.2.2 Radiation Gray Body Factors: BILBO

The gray body factors (GBF) for the anisotropic radiation model are
calculated by the auxiliary code BILBO (Sec. 4.5.2). GBF are calculated
for wet and dry channel walls, and for strained and unstrained cladding
prior to running CHACHA-3C. For each time step in the calculation for
which radiation heat transfer is evaluated, CHACHA-3(C selects the set of
GBF which corresponds to the correct bundle conditions.

BILBO also calculates GBF for the radiation mode! of the GOBLIN/DRAGON

codes. The GBF are for the lumped rod geometries used in the GOBLIN and
DRAGON calculations.
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TABLE 2-1
Heat Transfer Regimes

Single-Phase Liquid

Laminar Natural Convection
Turbulent Natural Convection
Laminar Forced Convection
Turbulent Forced Convection

o O 0o o

Two-Phase Mixture

© Non-Dryout
o Subcooled Boiling
o Nucleate Boiling
o Flow Boiling
o Transition Boiling
Post-Dryout
o Low Flow Film Boiling
o Flow Film Boiiing
o Dispersed Flow
o Condensation

Single-Phase Vapor

Laminar Natural Canvection
Turbulent Natural Convection
Laminar Forced Convection
Turbulent Forced Convection

- S - B - R
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3. THERMAL HYDRAULIC ANALYSIS CODES: GOBLIN/DRAGON

In this chapter the conservation equations, constitutive models, and numerics
of the GOBLIN and DRAGON codes are described in detail. The hydraulic
conservation equations and associated constitutive and component models are
presented first., The thermal heat transfer and conduction models are
described next, foliowed by the power generation models, and then the
numerical solution methods.

3.1 Basic Conservation Equations

The basic equations for the mass, energy, and momentum conservation are
formulated together with an equation of state. The equations are based on the
assumptions of one-dimensional, drift-flux, thermal-equilibrium flow. The
calculation of fluid energy transport accounts for the different flow
velocities and flow directions of the liguid and vapor phases.

The conservation equations are integrated over control volumes. Source and
sink terms are added to the integrated mass and energy balances to account for
break flow, steam l1ine flow, steam-water separator and steam dryer behavior,
and coolant injection from various systems.

The derivations shown in the following consider a single inlet and outlet

flow., Actually in the GOBLIN code the inlet and cutlet flows may be comprised
of several flow paths.
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3.1.1 Mass Conservation Cguation

Theoretical Basis

The mass conservation equation for the mixture (Ref, 3-1) is

_:.%- s =9 ¢ (p!) (3-1'1)

Integrating Eq. (3.1-1) over a one-dimensional control volume as shown in
Figure 3-1(a), yields

M g

%‘f ® Wyt Wy More (3.1-2)
where w is the mass flow rate and Wape accounts for mass source and sink
terms; ‘

“erc & Wy t W T Yeep * “cond

Wi = Break flow rate from control volume

Wet = (Coolant inflow to control volume from various systems

(e.g. feedwater, spray)

'sep =  (oolant inflow to contro)l volume from separator outlets

Wi Coolant inflow to control velume from steam dryer outlets

) B Inlet flow to control volume

wo =  Exit flow from control volume
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Calculation of break flows, coolant inflow from separator and steam dryer
outlets and the inflow from the systems are described in Sec., 3.3 and 3.4,

Finite Difference Formulation of the Mass Equation

Consider the following flow path shown in Fig. 3-1(b). The integrated mass
conservation equation is written in finite difference form using a fully
‘implicit finite difference scheme. Hence Eq. (3.1-2) becomes:

W

—-—AT—— - '1'1 i ‘rc.i (3'1-3)

where superscripts n and n+l denote time t and tn+1, respectively, and
the subscripts denote fluid control volumes.

3.1.2 Energy Conservation Equation

Theoretical Basis

The general form of the conservation of energy equation (Ref. 3-1) is

Ue) 4y . (epy) +7rg =g ~ Ve (gey 0 (3:1-4)
where
e ol SRS T °pot = total specific energy
(3.1-9)
€int = internal (thermodynamic) energy

€ in . % U *u = kinetic energy
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‘pot = potential energy

P = density

v + velocity field vector

q" = heat flux

q"' = internal heat generation per unit volume

o = stress tensor

The specific enthalpy h is introduced, (3.1-6)
h = ®int * p/e

and the stress tensor is divided into a normal and shear stress

014 " “Phyy * 9y (3.1-7)

where 61j is the kronecker delta, defined

0 if i#j g
s { (3.1-8)
GheE M R

p = Local static pressure
and

0
kk )

ey (3.1-9)

x e w

i e
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The term o, is the stress deviator representing the part of the
forces in the fluid which are due to relative motion of nearby particles
in the fluid.

Equation (3.1-4) is now rewritten

%t(ho-p) *+ 0o (hpu) #+ 7 e g" sy

" %t CICT ‘pot)) =9 e (ot 'pot)g) (3.1-10)

+9 (g W)

The right hand side of Eq. (3.1-10) represents the contributions from kiretic
and potential energy, and dissipation due to stress. In Appendix 3A it is
demonstrated that the right hand side of equation (3.1-10) can be neglectec,
hence the energy equation used in the GOBLIN code is

34 (he=p) + ¥+ (hpy) + g = q *0 (3.1-11)

Finite Difference Formulation of the Energy Equation

Equation (3.1-11) is integrated over the control volume shown in Fig.
3-2. The integration is performed below term by term.

The first term is

@l

13 (hewp) @V = G 1 (hewp) @V
v v

d

la.E(moH) -v%fs (3'1‘12)
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where

me= J pdV =+ The mass of the control volume
v ¢

h= (7 hedV)/m e Mean enthalpy of the control volume
v

p =/ pdV/ JvdV = Mean pressure of the control volume
V

The second term, applying the divergence theorem, gives

JV'(hpg)dV-fhp°g n dS
v S
Since u * 0 on the rigid boundaries, the surface integral reduces to

heu,dA + / hey * n dA

£

J Ve (hpy) dV e J houdi * J
v A | sre

2 A

= whz - whl + "hsrc (3,1-13)

The calculation of the enthalpy flow terms, wh, is discussed in detail in

Section (3.3.1).

The term "hsrc is the enthalpy flow source due to leaks or coolant addition

to the control volume (e.g., break flow, feedwater flow).

The third term, applying the divergence thecrem, gives

;] Veg'di =/ g" *ndS
v g ¢ - S

. QA (3.1'14)
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where 0A is the surface heat transfer and the conduction over the fluid
surfaces A1 and Az have been neglected.

The heat flux due to conduction within the fluid clearly can be neglected for

LOCA analysis when comparing the magnitude of terms two and three. The fluid
conduction is of the order

q" = ~kedT/dx = = (0.7 W/m°K) (10°K/m) = 7 H/m2 (2.2 Btu/hr ftz)

or less, which is clearly nog11g1b1o when compared to the onorqg transported
by the fluid of the order 10° - 1020 w/m® (3.2 x 20% - 3.2 x 10

Btu/hr-fto),

The calculation of QA is described in Sec. 3.5 and 3.6.

The fourth term

,V qnc dv = QV
The term QV consists of internal heat generation due to neutron and gamma
absorption and scattering in the fluid. The term Qv is lumped together with
QA and the sum is the net heat source
Q= QA + QV (3.1-1%)

Trte integrated energy equation can now be written

d(MR)/dt - V'dp + whz - whl - whsrc Q=0 (3.1-16)
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The fully implicit finite difference form of Eq. (3.1-16), used in GOBLIN, is

+
"?¢1 hq‘l 3 m? h? g (p? b p?) o (wh)™ o (um*l
it Y3 (wh)§ " = (wh)yoq

(3.1-17)

. an*l Ly S
Q ("h)src,1 0

Figure 3-2(b) shows schematically the energy control volume.

3,1.3 Momentum Conservation Equation

Theoretica) Basis

The general formulation for the momentum equation (Ref. 3-1) is

B (pu)=-(vepuyl -

at
(a) (b) (c)
(3.1-18)
sMesive g
@) " (e)

where the terms in Eg. (3.1-18) are

(a) = Rate of increase of momentum

(b) = Rate of momentum gain by convection

(¢) = Pressure force

(d) = Rate of momentum gain due to viscous stress

(e) - Gravitational force

97800Q.10/092986 3-8
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Equation (3.1-18) is integrated over a fixed control volume V with solid
surfaces £,

1t 2 (o) oV = A RO R

(3.1-19)
= [V * 3] - pg AV

The Gauss divergence theorem is applied to the first and third terms on the
right-hand side of Eq. (3.1-18) giving

1079 s puudV = s puuendS (3.1-20)
v S
CARELRR/EREL (3.1-21)

where n is the outward normal vector of surface element dS.

Substituting Eq. (3.1-20) and (3.1-21) into Eq. (3.1-19) yields

110 & (pu) dV s = 1 pyu e ndS - s T p ol
v S v W
(3.1-22
=Jlvendd -t/ egdV
S s v
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Assuming the flow is one-dimensional the left-hand side of Eq. (3.1-22) can be
integrated from a point 1 to a point 2, at 2 distance 24x from point 1 (see
Fig. 3-3(a)), gives

x2
Jl# %{ (py) dV = %f ﬁl [ﬁx)p u dA] dx
(3.1-23)

X
. %T ilz puA(x) ax = K '%{EI 24x

The bar represents an average valie. The first term on the right-hand side of
£q. (3.1-22) can be rewritten

-t puu e ndse = (27 el (-dh) + 27 5 8 dA)
S A A
1 2
(3.1-24)
© oyuyPAy * ogupthy

since the solid surfaces do not contribute to this term (u ' n = 0).

For a one-dimensional flow the second term on the right-hand side of Eq.
(3.1-22) can be similarly integrated and expressed in terms of average values

X
-y pdVs - £8sr B dA) dx

(3.1-25)

The third term on the right-hand side of Eq. (3.1-22) is the unrecoverable
friction loss term and can be rewritten as

x
- . a = 2 L .
/é 18 ds x; L TP, 28k (3.1-26)

2051 1D/081489 3-10



where Pw is the wetted perimeter.

The fourth term on the right-hand side of squation (3.1-22) cen be similarly
integrated yielding

” 116 ’i dv s ’I g (92 22 Ly 91 21) (3.1'27)

where z is the vertical distance between points 1 end 2.

Substituting Egs. (3.1-24) through (3.1-27) into equation (3.1-22) yields

% 2 2 2 g
l %?ﬂ 24X Pl Ul Al 92 UZ Az I %g 24X

(3.1-28)
L. PNZAl . K 9(9222 - 9121)
Dividing by 24x and taking the 'imit as &x goes to 0, yields
pdlewd o 2 (o) - AR p - h ks (pg2) (3.1-29)

Cxpressing equation (3.1-29) in terms of mass flow rate
w=opAu

and dividing by A give the one-dimensional momentum equation used in GOBLIN

2 P
%g‘:"%ﬁ(%])-%g--lﬁ-%(pgz) (3.1-30)

Finite Difference Formulation of The Momentum Equation

In this section the mathematical formulation of the momentum eauation will be
written in the finiie differunce form used in GOBLIN.

2081y 1D/091488 3-11



Consider the following flow path shown in Fig, 3-3(b).
integrated between points Xy and Xie to give

X  §

i+l i+l 2

/ % odis s % Lo o

X X X
i+1 i+l 1P i+1

-t B ogx- s gk / L (vg2) dx
R Ky i

Temporal acceleration term

Equation (3.1-30) is

(3.1-31)

The tempora)l acceleration between control volumes at i and i+l is modelled as

an inertia, 11’ times the fluid acceleration, thus

My g el oy 1
i Y dx = T i I dx = Ii T (3.1-32)
i i
Pressure gradient
X
i+l
. B 2 (3.1.33)
/ %E ax (p1+1 D,‘)
*5
Gravitation
X X+ AX X
i+l i i i+l
tk (e dxe 1 & (sg2) dx+ 1 35 (sg2) o
X X x5+ AX,
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where

o By "Tiune " ¥

82541 ® Zi41 T Zjune

4
zjunc = Junction elevation

z, Elevation of the midpoint of control volume 1

Unrecoverable pressure losses

The unrecoverable pressure losses are divided into a wall friction term,
bpg, and a term corresponding to unrecoverable pressure losses, Py,
due to area changes.

X
i+l th
v . J T" dx = - Apf i » Apf i+l i Ap] 4 (3.1'35)
o x ) ’ ’
i
AX; Wi (W
f i et f O S
b Ap A8 e et by &) (3.1-36)
f.d 5 A§ By "1
where
f = Single-phase friction factor (see Sec. 3.3.2)
l? = Two phase wall friction multiplier (see Sec. 3.3.2)
3 Pt 4 For single-phase 1iquid and two-phase mixture when
"2

;* -< PE 441 For single-phase 1igquid and two-phase mixture when

e.q <0
°g,1 For single-phase vapor when “g,i >0
B °g,i+1 For single-phase vapor wher wg'ﬁ <0
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The area change pressure loss is calculated according to

A 1 s L T p
Ap\,i k —2—-;2——- -;'; 'l (3.1-37)
L
where

R Flow resistance coefficient (which may
depend on the flow direction) (see Sec.

3.3.4)
{ i if w,20
k B '
i+l if ;1 <0
Az & Local restriction flow area
2

TR Local pressure drop two-phase multiplier
(see Sec. 3.3.4)

Spatial acceleration

The momentum flux term

X
i+l 2

1 3 W
LR e
%

is formulated using the ZIP differencing technique (Ref. 3-2).

X - - - -
M Wl T e R M
"y

S
J —_— dx = [
L W Rie1 Pie) o A,

o

(3.1-38)
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The area A* is derived by comparing the momentum to the Bernoulli equation for
steady, incompressible, inviscid fluid flow. The Bernculli equation is

1 Wt 1 o

" w

Jna | Bkt Ml SR S 3.1-39
PAi4) oAy : !

The momentum equation is

2
., AT p1¢1 + %r [E‘ (%1 . i?*l)] =0 (3.1-40)

Equating the two equations, and eliminating the pressure difference terms,

2

vl!

B b d L e
Aot N '

and solving for A* gives

(3.1-42)

Finally inserting Eqs. (3.1-32) through (3.1-38) into Eq.
(3.1-31) yields
a‘&1
Cin AR U

) & bx; Bf 841 '2
-0.5 wi | w,‘ ] f.‘ D—- —-z *f“*ln——.— i+l
h,i Ai’t h,i+1 AZ
i+1%¢
i
* b -
A
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;. % i, W . RO | "1-1]
Pl Mol M Ny

* PPy T SPpump (3.1-43)

where

% 0 if no pump is present in control volume i
FP‘ i ) if a pump is present in control volume i

A fully imp'icit finite difference scheme is used tc represent the momentum
equation. The time derivative is approximated by

aw w +l - W
gl E i (3.1-44)
r ?

A1l other state variables are calculated at tn+1' Thus the momentum
equation programmed in GOBLIN is

-k S )
I , o, e N~ o BN
e — Pisl
o 5 ~n+l o I [f Axi ‘? ¢ A‘i"'l '2 |
“0.5 w | w - i+
L ! RSP R 41 0y 4 7
ie Ai..p
i+.%
'f n+l
+ §
k' e
e
n+l
(g 82y % pyy 82441) 0
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1 ;1'1] n*l
Pi+l Im "™

+ Fp, * op™ (3.1-45)

3.2 Fluid State Eguation

3.2.1 Thermodynamic and Fluid Properties of Water and Steam

During one calculation cycle within the GOBLIN code many evaluations of
thermodynamic and transport properties of water and steam are made. The
quantities evaluated are:

Density of subcooled and saturated water
Density of superheated and saturated steam
Saturation temperature

Enthalpy of saturated water

Enthalpy of saturated steam

Temperature of subcooled water
Temperature of subcooled steam

Dynamic viscosity of water and steam
Surface tension

Heat capacity of water and steam

Thermal conductivity of water and steam
Volume coefficient expansion for steam

These quantities are computed according to Ref. 3-3 which is based upon 1967
IFC formulation of properties of steam. The basic independent variables in
the GOBLIN code are pressure and enthalpy. In the IFC formulation the
pressure and temperature are usually the independent variables. Hence, given
the pressure and the enthalpy, the temperature is first calculated then the
other property.
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3.2.2 Eguation of State

The equation of state

p*p (P h) (3.2°1)
is included in & volume balance for each contro) volume

m/p; * Vy ® 0 (3.2°2)
For single-phase 1iquid or vapor the density, », is given by Eq. (3.2¢1)
through correlations of the thermodynamic properties. For two-phase flow, the
mixture density is calculated from

P e (9° . of) | (3.2-3)
where the void fraction, o, is given by

h = hy
o ® - - (3.2-4)
h(l-;g)*hg ;ifl--h,
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3.3 Constitutive Models

30391 T' "h r r‘ 1
In single-phase flow the enthalpy flow rate is determined by
wh = webh

where the “donor cel)" concept is used i.e., the enthalpy, h, is taken as that
of the control volume from which flow is leaving. The enthalpy flow rate for
two-phase flow is determined from a drift-flux correlation developed from the
work of Holmes (Ref. 3-4) and includes & countercurrent flow limitation
correlation of the form defined by Wallis (Ref. 3-5).

Qrifg Flux Formylation
The drift flux formulation for relative motion between two phases (Ref. 3-6) is

j9 s ootV 0 (3.3-1)

9J

where j is the superficial velocity and the concentration coefficient, Co.
and the drift velocity V‘j are defined by empirical correlations.

The sbove expression can be transformed into an analogous expression for mass
flux,

Gg = X* G # Gd (3.3-2)
or

Gd ® (1-X%) G° - X¥ Gf (3.3-3)
where G is the mass flux, Gd is the mass drift flux and X* is the flow

guality. The flow quality for local homogeneous flow is related to the void
fraction by
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o C°

X* o= (3.3-4)
-Co + :1. (l°lC°)
3
N
The mass drift flux is related to ng by
’fX‘

Hence Gd and X* used in GOBLIN are analogous to the coefficients C° and
v

9d
anggn;rg;ign gg!ffﬁcigng gorr!\!tion

The flow quality, X*, is evaluated from Eq. (3.3-4) for 2 given void fraction,
phase densities, and concentration coefficient. The concentration
coefficient, Co. is given by (Ref. 37).

1

£y ® ey (3.3-6)
©  a+(l-a)e
where
- -0at,9
e ® (3.3-7)
b e (3.3-8)

and Perit is the critica) pressure (221.2 bar) and P1000 is the pressure
at 1000 psia (68.94 bar).
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Countercurrent Flow Limitation Correlation

The mass drift flux, Gd' is determined from requiring the drift flux
correlation to be tangent to the countercurrent flow limitation (CCFL)
correlation and then assumed applicable at a1l mass fluxes for a given X*
(void fraction and pressure).

First the CCFL correlation used in GOBLIN is described, then ar expression for
Gd is derived.

In the countercurrent flow region, there is & physical limit to the downward
water flow for a given upward steam flow. Countercurrent flow limitation has
been described by Wallis (Ref. 3-5) for flow in vertical tubes, with the
dimensionless relationship,

(9 Tos U0 Tog- vy ,)1/4 ’(9 TTRRY (pf.i“)j“ . Ky (3.3-9)

2
) i

P
where Kl = 1.0 and Kz + 0.8-1.0 depending on water inlet geometry.

Defining the characteristic length as

. 104172
DL [m]

dividing both sides by O 1/4 and multiplying by D3/4 gives

. 1/2 K (+3,)372 (. pl/4
—J"z—" . -1_;1__ . . i/ (3.3-10)
1/8 : 1/8 "¢ 1/8 -
(cos™® fgﬂﬁ) (cos™® fgﬁﬂ) 5
9
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The value of the coefficients that best fit the ASEA-ATOM Bx8 bundle geometry
date (Ref. 3-7) ere

V6
K L ]‘l :

Ky =

0,69

where the constlnt[ J?':'aotarl/ 4 und is based on the bundle ares. The
pressure dependence of DL is small, about 4 porefpt between 1 and 5 bar
(1575 psia). At a pressure of 1 bar Ku -[: ].'TWH value is used in the
subsequent correlation.

The experiments in Ref. 3-7 cover a relatively high values of void fraction.
At lower void fractions, another approach is necessary. This s described
later in this section,

Holmes (Ref. 3-4) reported & geometry dependence of CCFL as 2 function of the
dimensionless pipe diameter D* in the form (D*-2)/(0*+2.5) where

172
pr s (88) " p e 8[ (3.3-11)

and D is the pipe diameter.

Replacing D by P /n in Eq. (3.3-11) where PW is the wetted perimeter for
the geometry in question, and incorporating Holmes geometry dependence, gives

8,¢,9
Kl uL J "‘3
ky o ] (3.3-12)

where

D* = Pw/(n DL)
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This expression is m‘w for both pipes t':E ;od bundle with void fractions
betwee ] '?ﬂ value of[ ]1: 3ust1fiod since for rod bundle
Pw» DL and Kul reduces to[ ].“fio slight pressure dependent of Ku

in Eq. (3.3-11) which is not accounted for here is within the normal scatter
of the data for Ku between 1-10 bars (15-150 psia).

According to the data of Bailey et al, Ref. 3-8 there is a transition between
two relations for Ku as void Ir.e%ﬂon increases. The above relation is
applicable at Jand “the other relation is applicable at

).L'ﬂm latter relation, given by Holmes has been modified
to include the geometry dependences, thus

n,c,j
Ky, (3.3-13)
where Dh is the hydraulic diameter.
n.c.?
For the transition interval bctwun[ :‘Ku s of the form
Ku = f(a) Kuz * [1 - f(e)) Ky, (3.3-14)

where
f(a) ® (0'02)2/[(0'02)2 + (0'01)2]
‘MC.S
" [ ]
&4
2 '[ T
This expression is due to Holmes, and fits the Bailey data well (see Fig. 3-4),
a.c,
The resultant CCFL correlation used is Egq. (3.3-10) with K1 -[ -Jund v is

calculated from Eq. (3.3-12), (3.3-13) or (3.3-14)°fcor void fraction ranges of
[ ],r'os' ectively,
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Mass Drift Flux

Now the mass drift flux, Gd' can be calculated from the CCFL correlation.
Using the following definitions

1/4
b A AR B 4 S B ‘fffg) (3.0°39)

in Eq. (3.3-10) give

172 1/2
I -6

oo ™%
a,6,§
For the countercurrent flow regime, and for void fractions greater than[ ],
the drift flux relation, £q. (3.3-3) gives lines of constant o which are
tangantial to the CCFL 1imit curve, Eq. (3.3-16). This relationship is shown

in Fig. 3-5. The resultant expression is

6y X*(1-X*)pg Ku V, (3.3-17)

] - X ‘/-1 y*
g

Application of the Drift Flux Mode! in GOBLIN

The mass drift flux correlation used in GOBLIN is
Gg = X* G + Gd (3.3-18)

where X* is given by Egq. (3.3-4), Gd is given by Eq. (3.3-17). Then
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G,'G'Gg

* (1-X*) 6 - 64 (3.3-19)

The drift flux correlation is used to split the total mass flux G into its
steam and water components, Gg and Gf. s0 that the enthalpy transport, wh,
can be calculated from

whoe A" (Gt hy Gt ) (3.3-20)

To explain the calculation of the energy transport between two volumes,
consider the case of & vertical flow path between two volumes y and 2 with the
positive direction corresponding to upward flow (see Fig. 3-6). The steam and
water enthalpy in Eq. (3.3-20) are determined from

(3.3-21)
htl G? <0
- S0

h s (3.3-22)
h'll Gf <0

The flow quality used in Eq. (3.3-18) is calculated from Eq. (3.3-4), which is
& function of pressure and void fraction. The average pressure, P between
volumes y and 2 is used

Pp ® 0.5 (p, ¢ py) (3.3-23)
The void fraction used in evaluating the flow quality and the mass drift flux,
Eq. (3.3-17), depends on the respective void fractions of the adjacent volumes
and total mass flux,
Two somewhat different situations occur if the void fraction above the flow

path is less than the void fraction below or if the reverse is true. In both
cases it is clear that if the total mass flux is positive and large the void
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fraction of volume y should be used and if the tota)l mass flux is negative and
the absolute value is large the void fraction of node 2z should be used.

Cese 1: o, 2 @

Sy="2

This situation is illustrated in Fig. 3-7 where the drift flux curves
corresponding to the two void fractions (Eq. 3.3-16) are shown together with
1ines of constant mass flux

6= Gy * 6 (3.3-24)

Also shown in Fig. 3-7 is the CCFL curve.
p— —WQ.C,S
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—
w— a,c,’

- . pr—

oy In 211 equations when applying the drift flux correlation the value of

Ku that is taken is calculated using the void fraction in node y.
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Cose 2: :l< 'l

This situation is i1lustrated in Fig, 3-8.

— —

Inclined and horizontal flow paths are accounted for by using the component of
gravity in the flow path direction in the CCFL correlation (Eq. (3.3-10)).
Therefore, in the limit of a horizontal flow path Gd becomes zero.

3.3.2 Two-Phase Level Tracking

The GOBLIN code has the capability to specify a series of control volumes in
which a two phase level is to be calculated and tracked with time. The leve!
tracking mode! replaces a fixed control volume boundary with & moving boundary
located at the two-phase level. The flow rate through the boundary is
determined by maﬁntnining'continuity of the phasic flow rates through the
two-phase leve! for a given level velocity. The phasic flow rates are
caleulated for the volume above and below the level by the drift flux
correlation. The velocity of the two-phase level is determined from the
change in the level position

2081y 107081488 3-28
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n*l . N
2 2

Y e 3.3-:%0)

The two-phese leve! position is & primary variable, solved for in the solution
matrix, replacing the mass flow rate.

Flow Rate Through Level

A relation between the motion of the two-phase level and the flow rate through
the leve! is required to define the leve! position and provide closure of the
solution. This relation is obtained by forcing conservation of the phasic
mass flow rates leaving and entering the volumes above and below the level, as
predicted by the drift flux correlation.

Conservation of phasic flow components (see Fig. 3-9) is

ac,
F: T8I o

The vapor velocities are determined by the drift flux correlation (Eg. 3.3-1)
rewritten here in terms of relative velocity.
e an')%

(3.3-322)

(3.3-32b)

(3.3-33)
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6,9

(3.3-34)

The solution of Eq. (3.3-31) and (3.3-32) gives the phasic flow rates Gg and
6¢ for a given two-phase level velocity, vy .

Two-Phase Level at a Flow Path

When the two-phase level is at the elevation of a flow path, the liquid and
vapor energy flow rates are evaluated according to the leve! elevation. The
energy partitions is performed for a flow path designated as "pure"” flow path
and the partitioning is based on the density weighted vertical flow area
projection below and above the two-phase leve! (see Fig. 3-9(c))

hy * ah, ¢ (1-a) hy ' (3.3-35)
where

a2 s 1 /(pz A &' A 0 (3.3-36)

pz "z "z y ‘Dy

3,3,3 Frictiona) Pressure Drop Correlations

The frictional pressure drop is calculated from Eq. (3.1-36). The friction
factor, f‘. and the two-phase multiplier, 'iZ‘ correlations are

described below. Also the application of Eq. (3.1-36) for countercurrent flow
is described.

Single-Phase Friction Factors

The single-phase friction factors are calculated for turbulent flow in the
fuel bundles by (Ref. 3-9)

£y Re ™2 (3.3-37)

2081y 10/081488 3-30



where
¢ o[ ]‘ﬁ's
a{ I

WO

ol o« w

For two-phase flow u = g This correlation may be modified later to
reflect test data applicable to Westinghouse fuel.

For turbulent flow in other parts of the flow loop the Colebrook's correlation
is used (Ref. 3-10)

P 6
UERETRURS CRRCERUNE &8 2R ik (3.3-36)
where ¢ 1s the surface roughness.
For laminar flow the friction factor is

f, * 64/Re (3.3-39)

The transition between laminar and turbulent flow is the Reynolds number where
the two friction factors are equal.

Two-Phase Friction Multiplier

The two-phase friction multiplier is calculated according to the AA-correlation

q.cis
o [: ] (3.3-40)
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Pf f, 2 (3.3-41)
I e —— —72_)

a,c§

(3.3-42)

a4
A '[: :] (3.3-43)
Qc,

XN ]“"'3 (3,3-45)

G,
Bp {: :] (3.3-46)

This correlation is based on full scale measurement in the ASEA-ATOM FRIGG
test loop (Ref. 3-9) and the Baroczy correlation database (Ref. 3-11). The
number of data points used is 288 and the mean and standard deviations are 0.3
percent and 8.3 percent respectively. The correlation covers the pressure
range from 1 to 100 bar, the mass flow range from 1 to 3000 kq/m2°s. and the
quality range from zero to 100 percent.

The two-phase multiplier is one for single-phase flow and evaluated from Eq.
(3.3-40) for cocurrent two-phase flow in the bundle. For other geometries the

homogeneous flow two-phase multiplier is used (Eq. 3.3-54).

Countercurrent Flow Pressure Drop .

In courtercurrent flow the frictional pressure drop is evaluated by the
following expression

f . bXx lw_ .« W
i {1 .84 .
e 1 R ;«§°2'QL

i 9,1
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fo.q " 8% Iwg gl o Wy

+ -_LU;.:.... ..Q_.._..._L_.. (3,3-47)

° o T B T
which replaces Eq. (3.1-36).

The single-phase friction factors f, . and fg ; obtained from Eq. (3.3-37)
through (3.3-39), are evaluated using water and steam Reynolds numbers

Rof * (wf/A) . (Oh/uf) (3.3-48)
Rog . (wg/A) . (Dh/“g) (3,3-49)

3.3,4 Local form Pressure Drop Correlations

The local irreversible pressure drop is calculated from Eq. (3.1-37) where the
loss coefficient, ‘k' and the loca) two-phase multiplier, § are
specified correlation,

Local Loss Coefficient

The local loss coefficient zk is a user specified constant which is flow
direction dependent. Two sets of constants may be specified, ones for bundle
spacer grids and ones for non-spacer grids. Each set has two values, one for
positive flow direction and one for reverse flow,

Loca) Form Loss Two-Phase Multiplier

Two different two-phase multipliers, Ilz. are used for local form losses.

For bundle sources grids the pressure drop is calculated using the following
correlation for the two-phase multiplier

. ag,$
¥y, spacer '[ ] (3.3-50)
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re (;;- (3.3-51)
6.¢,9
Ac { ] (3.3-52)
a,e, ]
lc . (3.3-53)
and

AB ¢ fuel bundle flow area
- = coolant flow through the fuel bundle

The correlation is based on the ful)l scale measurements in the FRIGG loop
(Ref, 3-9). It may be modified in the future to reflect test data appiicable
to Westinghouse fuel.

For all other loca) pressure drops the homogeneous flow two-phase multiplier
is used:

P
ol (=1 (3.3-5¢)
"

Countercurrent Local Form Pressure Drop

In countercurrent flow the local pressure drop is evaluated from

"3 ™o s o X Wiiks X
8y 4 * & ;34——2-‘1‘—- N -;—-— (3.3-55)
1 ' . Dg ’ . pf
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where ‘k is the appropriate directional loss coefficient for the direction
of each phase.

3.3.5 Injection Flow - Fluid Interaction

External water can be added to the reactor as core spray, feedwater and
flooding injection water. The axternal water is added to a control volume as
mass and energy source terms. If the two-phase level falls below the
injection point the injected water is added to the 1iguid in the upper most
liguid contrnl volume together with any steam that has condensed from the
upper control volume.

The rate of steam condensation due to the injected water is calcu’ated by the
formula

“g ° Fes " (Megat °h1n)/hfg " f(29y) T 4 (3.3-%6)
where

wfg = Steam mass condensation rate

ch = Maximum condensation

hfsat = Saturation enthalpy of water

h1 =  Enthalpy of injacted water

hfg + Latent heat of vaporization
f(z].v) = Two-phase leve! dependent function
" = Injected mass flow rate

n

The two-phase leve! dependence, f(z].v). in Eq. (3.3.56) is shown in Fig.

3-10, The falling distance Zoong 18 user specified as is the maximum
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According to Ref. 3-12 injected water typically
reaches 95 percent of saturation when falling approximately 0.3 meters (1
foot) through steam.

condensation factor Fc‘.

3.3,6 Critica) Flow Mode!

The GOBLIN code uses the Moody critical flow mode! for two-phase break flow
and ¢ modified Bernoulli mode! for subcooled critical flow, The Moody model
complies with the requirements of 10 CFR 50 Appendix K and the modified
Bernoul1i mode) is considered a conservative prediction of the subcooled break
flow.

The break mass flow rate is calculated for a given coolant state (pressure,
enthalpy, and if applicable, water level) at the break, receiver (downstream)
pressure, break area, and flow loss coefficient. The break flow path is an
additiona) source flow entering into the cunservation equations. For
guillotine pipe breaks the two break locations are specified and the flow path
connecting the two pipe sections is closed off,

Critical flow checks may also be specified for any flow path. For a flow path
being checked the evaluated mass flow rate is compared to the mass flow rate

caleulated by the critical flow mode! and limited to this value if warranted.

The Moody Mode!

The mode! according to F. J. Moody is included in the GOBLIN code. This mode |
is described in Ref. 3-13.

The assumptions used in the model, which includes friction in the pipe, are
o Straight pipe with constant flow area and adiabatic walls

o Steady flow
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o Annular flow without entrainment and liguid in contact with the wal)

:. o Liquid and vapor in thermodynamic equilibrium at any section
i o Uniform and 1inear velocities of each phase
For this mode! an equivalent low loss coefficient (velocity heads) is
specified.
Subcooled Flow
A subcoolad flow mode] based on the work of P, Pana (Ref. 3-14) has been
included in the GOBLIN code. For subcooled flow this model calculates the
maximum flow rate from
) A -.(2(p° : p{(l‘z%) : "(TZ))W (3.3-57)
where
TR Stagnation pressure upstream of break
p‘(Tz) +  Saturation pressure at the exit
T2 = Exit temperature
1 = Flow resistance coefficient from stagnation point O to exit.

Point 0 is the upstream location and Point 2 the break location. Eguation
(3.3-57) is used for subcooled or saturated liguid exit conditions (point 2),
i.e., T2 less than or egual to Tsat(pz)'
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The exit pressure (nz) is celculated from

2
6
By * B * (140) 55— (3.3-58)

and the exit temperature, T2, from

2
T, e 1, - - (148) ((T#273.15) = iy ) (3.3-59)
[
2 Cpi .0 Po
where cp, ° is the specific heat of water at entrance conditions.

The above equation was derived assuming isentropic nozzle inlet flow and
isentropic flow from the inlet to the outlet of the pipe.

The Moody mode! is used for saturated or two-phase inlet conditions. A linear
fnternolation between the two-phase mode) and the subcooled model, Eq.
(3.3-57), is used in the intermediate region where flashing occurs upstream of
the breai: even though the inlet conditions are subcooled. This is 11lustrated
in Fig. 3-11.

The inlet conditions corresponding to saturated outlet conditions (X2 + 0)
are calc.lated from

L aTgd 4 bTg? 4 cTg 4 Tg 2 80°C .
G(Tg) CT: $ $ : T: < aooc (3.3 50)

6(T,) (3.3-61)

Ty ® Tg,1(pp) * saturation temperature at the exit pressure

where the coefficients in Eq. (3.3-60) for the Moody model are
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Equations (3.3-60) and (3.3-61) ere solved for the mass flux, G, and
exit pressure Py

rheat team

For superheated steam flow isentropic expansion is assumed and the critical
flow rate is given by

¥
G ] (_-poﬁ) (303-62)

where

v dh (3,3-63)
cV

If the coefficient ¥ is assumed to be constent the continuous variation of
the mass flow rate with inlet stagnation state is achieved by using

s (pooh ) 1/2
(3.3-64)

Baax (Bgohly) ® G, (BX, * 1} ° (_ﬂ___(_g”

Pesat'Po

where h° is the inlet stagnation enthalpy which is greater than the
saturated vapor stagnation enthalpy, and Gmu (Po' Xo t 1) is the
saturated steam critica) mass flow rate based on the Moody model.
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Subcritical Flow

F~* receiver pressures, PB' greater than the pipe exit pressure base on
eritical flov, '2' the mass flow rate is celculuted from

2(p° . PB) Po(pooho)
U‘I) (3.3'55)

where £ is the flow resistance of the pipe. The critical flow exit pressure
in the pipe, p,, is calculated according to Eq. (3.3-58). If the vessel
pressure is less than the receiver pressure, P,. it is assumed that
saturated steam is entering the vessel from the surroundings.
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3.4 System Models

In this section models for the systems and components of & boiling water
reactor are described. These includes modeis for the recirculation
pumps, jet pumps, steam separators and dryers, feedwater and steam flow,
reactor protection, level measurement, and emergency core cooling
systems.

3.4.1 Recirculation Pump Mode!

Tha behavior of the main recirculation 1ine reactor coolant pumps are
mode!led for single and two-phase fiow conditions under normal operation
and coastdown conditions.

Pump Speed and Torgue

The behavior of the main recirculation pump is modelled by the
conservation of angular momentum

1§‘§ . 1 (3.4-1)

@ = Angular velocity
t = Time

T = Net torque

..
"

Momentum of inertia

The difference formulation of Eg. (3.4-1) is

L s o, 0

- - (3.4-2)
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The pump equation is solved at every time step simultaneously with the
basic conservation eguations.

The torque T represents the net torque on the pump impeller. It
consists of three components:

(1) The hydraulic component, Thyd' due to the interaction between the
fluid and the pump impeller,

(2) The frictional component, Tfric' due to frictiona)l losses in the
bearing and rotating machinery, and

(3) The pump motor torque, Tm.

The net torque, T, is calculated as

Tef =1 (3.4-3)

hyd " Tfric
The pump motor torque is evaluated at the initial time, when the pump
speed is constant and there is no net torque on the pump impeller (See
Eq. (3.4-1)). Thus

Tm(t) . Thyd(‘ = Q) - Yfric(t = 0) (3.4-4)
This value for Tm(t) is maintained until the pumps are tripped at a
time specified by the user. After the pump trip, Tm(t) is set equa
to zero.
The user inputs homologous curves for hydraulic torque as four tables of

dimensionless hydraulic torque versus the ratio between dimensionless
flow and speed (or its reciprocal). The tabulated curves are:
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Independent
Teble Varisble
l v/e
2 a/v
3 v/a
: a/v

where

B Thvd/ Thyd,ref

v * W4

& ® U/Wr.f

A typical example is given in Fig. 3-12.

For a specified volume flow, Q, through the pump and & specified pump

Dependent
Veriable

2

B/a

B/ve

l/tz

B/vz

speed, w, the dimensionless hydraulic torque is calculated by
quadratic interpolation from the appropriate table.

Table Used Criteria
1 lal 2 |vl,
2 lal < |v],
3 lal 2 Ivl,
4 la| < |vl,
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The absolute hydraulic torgue is then calculated from

T (3.4-5)

Tnd * 8 Thya,ret © 3 )

where
p s+ Density of fluid in the pump
Praf ¢« Reference pump fluid density

The friction torque, Tfric‘ is calculated by

2
HC, * W™ ey for 1™ > HCy

Trie (3.4-6)

Hey + ¥ for 16" < My

where

+1foro" <0
¥ = (3.4-7)

-1foru" 20

The above expression applies if ™1 and o" have the same sign.
If not, Tfric is calculated from

HCy ¢ ¥

. n+l 4 " .
Tfric mg (w + 0.01 HC3 Y) (3.4-8)

The constants HCZ. HC3, HC‘ and HC5 are user specified and

represent the friction torque coefficient (ch) at angular speeds
greater than HC3 and the friction torque (HC‘) when the angular

speed is less than HCB. The constant HC5 is the friction torque

that must be overcome to start the pump from zero speed (See Fig. 3-13).
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If the pump speed at the earlder time step («") was less than & user
specified value (ue). the pump «i11 stop. Only if the hydraulic
torque is greater than the maximum friction torque at rest (Hcs). will
the pump start running again,

The friction torque as a function of the pump speed is shown in Fig.
3-13.

Pump Hydrauli

The momentum equation of the control volume containing the pump includes
a term for the pump head (see Eq. 3.1-43). The user inputs homologous
curves for head as four tables of dimensionless pump head versus ratio
between dimensionless flow and speed (or its reciprocal). The tebulated

curves are
Independent Dependent
Table Variable Variable
1 v/e h/ 02
2 o/v h/ve
3 v/a h/a?
¢ o/v h/ve

A typical example is shown in Fig. 3-14.
For a specified volume flow, Q, and pump speed, w, the dimensionless

hydraulic head is calculated by quadratic interpolation frem the
appropriate table:
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Table Used Criteria

1 lal 2 [vl, 620
2 la| < [v], v< 0
3 ol 2 Ivl, & <0
¢ la] < |vl, v20

For a specified volume flow, Q, and pump speed, w, the pump head is calrulated
from

A°pump e e Poump *i(he hr.f " Hclo « Q- (Q]) (3.4-8)
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