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[. INTRODUCTION

The ebility to accurately predict the performance of light water
reactors (LWRs) under hypothesized accident conditions is a major
objective of the reactor safety research program being conducted by
the U.S. Nuclear Regulatory Commission (NRC). To achieve this
objective, the NRC has sponsored an extensive program of analytical
computer code development as well as both in-pile and out-of-pile
experiments against which to benchmark and assess the analytical code
capabilities. The computer code being developed for the prediction of
the transient response of a single fuel rod under hypothesized
accident conditions is the Fuel Rod Analysis Program - Transient
(FRAP-T) code.

As part of this effort, the NRC is supporting the development of
both best-estimate (BE) and evaluation model (EM) versions of the
analytical computer codes. The best estimate code versions are
designed to predict as accurately as possible the actual fuel rod
response. By contrast, the evaluation model code versions are
designed to provide a margin of conservatism in the code predictions.
This conservatism is in accordance with Appendix K of Part 50, Volume
10 of the Ccde of Federal Regulations which is based on the philosophy
that:

a) The initial stored energy or temperature in the fuel shall
not be underestimated.

b) The consequences of a spectrum of design basis transients
shall not be underestimated.

The evaluation models incorporated in FRAP-T4 and described in
this report were developed by the NRC to meet the objectives outlined
in Appendix K. The development of the evaluation moc=1 version of
FRAP-T is intended to provide the NRC with an additional tool by which



reactor vendor fuel licensing calculations can be audited. Thus, this
EM version of FRAP-T4 has been designated the Licensing Audit
Calculation Evaluation Model version, or the LACE model version for
short.

The LACE version of FRAP-T4 was constructed by adding a number of
options which contain the prescribed evaluation models. For a full EM
calculation, all the LACE options should be specified. The available
LACE options are listed below:

Hode) Option
CLADDING AXIAL THERMAL EXPANSION 3
CLADDING DIAMETRAL THERMAL EXPANSION 2
CLAUDING SPECIFIC HEAT 4
CLADDING ELASTIC MODULUS 5
CLAUDING POISSON'S RATIO b
CLADDING THEKMAL CONDUCTIVITY /
FUEL SPECIFIC HEAT 8
FUEL ELASTIC MODULUS 9
FUEL EMISSIVITY 10
FUEL POISSON'S RATIO 11
FUuElL THERMAL CONLUCTIVITY 12
FUEL THERMAL EXPANSION 13
CLADDING PLASTIC HOOP STRAIN 14

CLAUDING SURFACE HEAT TRANSFER COEFFICIENT 15

GAS THEKMAL CONDUCTIVITY 16

METAL-WATER REACTION 17

FUEL DEFORMAT ION 18
2



o

GAP CONDUCTANCE 19
UPERATING PUWER * 1.02 20
ANS DECAY PUWER * 1.2 21

These LACE models have been incorporated in the fourth released
version of the FRAP-T code, which was then given the designation
FRAP-T4-LACE. Both BE and EM models are incorporated in the same
code, with the specification of madels being made by the code user
through the input.

This report presents detailed descriptions of all the LACE
moaeis, as weil as results of checkout studies made with these
models. Section II presents a description of each of the individual
LACE options and where possible compares the LACE option w' .. the
corresponding best estimate model or correlation. Section III
presents the results of an assessment of the LACE option package as
incorporated in FRAP-T4, This assessment consisted of running the
LACE version of FRAP-T4 for several hypothesized reactor tran: nts
and comparing the LACE code predictionc to the best estimate code
predictions. This provides a qualitative evaluation of the
reasonableness of the LACE code predictions and verification that a
reasonable degree of conservatism is present for the claddinn
temperature predictions for a typical hypothesized loss-of-coolant
accident (LOCA).

Section IV compares the LACE code predictions for a typical LOCA
with the best estimate code predictions performed using the
Uncertainty Analysis Package also available in FRAP-T4. This package
calculates the uncertainty tands (as a function of known uncertainties
in the input variables) about the nominal BE code predictions by
making use of multiple problem calculacions and Kespcase Surface
Methoinlogy. These comparisons permit an estimate of the degree of
conservatism present in the LACE code predictions.



Finally, Section V presents conclusions and recommendations.
Documentation of specific changes made in the LACE options from
earlier versions is presented in Appendix A. Appendix B presents the
results of checkout calculations made for the short core FLECHT
reflood model. Appendix C presents the required input for the short
core FLECHT model. Appendix D presents the results of LACE
calculations of all the FRAP-T standard problems.

]



I1. DESCRIPTION OF LACE MODELS

The LACE (Licensing Audit Code Evaluation) models as incorporated
in FRAP-T4 were developed to anziyze LOCA events according to
guidelines set out in the HREMl document. Special LACE model
options are available for

(a) Mechanical deformation and failure
(b) Thermal boundary conditions and initial conditions
(c) Material properties of fuel and cladding.

A description of the LACE options for each cf the above items is
presented in the following sub.ections. In each case, the LACE code
models were ex.nined in detail and hand chacked for numerical coding
accuracy. A number of minor coding errors present in early versions
of the LACE option package were corrected. (These corrections are
described in Appendix A.)

1. LACE DEFORMATION AND FAILURE OPTION.

The LACE mechanical and failure subroutines are described in
detail in Section 1.1. Several sample problems of a standard LOCA
analysis were analyzed to check the accuracy of the programming of th
models and to determine i€ the LACE mechanical and failure models are
conservative per se. These sample problems are discussed in
Section 1.2. The problems are followed by a discussion of the LACE
models and certain limitations inherent in these models.

1.1 Uescription of LACE Mechanical and Failure Models

The LACE mechanical and failure models consisc of the subroutines
LACEDF, PRSINF and EMSTRN. LACEODF performs the fuel and cladding
thermal expansion calculations, and also calculates the cladding
stress and strain due to fission gas and coolant pressures.



Subroutine EMSTRN predicts cladding failure, plastic strain, and flow
blockage at failure as a function of the fission gas and coolant
pressure differential. Subroutine PRSINF calculates the interface
pressure between the fuel and cladding if pellet-cladding mechanical
interaction (PCMI) occurs.

1.1.1 LACEDF - Fuel Thermal Expansion Calculations. The LACEDF
fuel expansion model is based on :he GAPCUN-THERMAL-1 fuel expansion
modelz. The radial expansion of :he fuel is shown graphically in
Figure 1. The solid curve repres. ‘s the thermal expansion across the
fuel calculated as if each point were a thin ring free to expand.
Point A corresponds to the maximum free ring thermal expansion. The
dashed curve from A to B represer.s the displacement at A plus the
integral of radial thermal strain from A out to the fuel surface.
Point B represents the radial displacement of the fuel surface.
tquation 1 below calculates this displacement incrementally by
dividing the fuel into fifty radial nodes. The term (ARL)max in
tquation 1 corresponds to the displacement at point A and the
summation corresponds to the integral of radial thermal strain from
point A tc the fuel surface.

L
AR = (ARL)max + ?EI Ati (1)
where
AR = the increase in fuel pellet radius due to thermal
expansion

= increase in radius of radial increment i

(&R )

max imum ARi (i.e., maximum free ring expansion)
max



AR(r) RADIAL DISPLACEMENT

Free thermal expansion

Ma.cimum free thermal L‘R(r) = o ‘,.T(r)r
. expansion occurs at 4
i
|
rﬂ rA r.
v f

Fig,

1

GAPCON THERMAL-I fuel expansion model.
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‘t‘ = al (T‘ - Tr)

= increase in thickness of radial increment i due to
thermal expansion

R, = average radius of radial increment i

LF =  average temperature of radial increment i

Tr = strain-free reference temperature

a = coefficient of thermal expansion

L = the index of the ring with the maximum thermal

expansion (rings are numbered from the outer ring
to the inner ring)

The contrivution to &K due to swelling (obtained from a separate
correlation) is also added into the fuel surface displacement
calculation. The axial length change in the fuel due to thermal
expansion is calculated using the temperature at the pellet shoulder.

1.1.2 LACEUF - Fuel Crack Volume Calculations. The volume of
the radial cracks per unit length of fuel rod is computed by the

equation
L L
vcn = 2n Z ( (RL)max + Z Ati) - ARn (2)
n=l 1=n

as described in the FRAP-T13 document where
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R ——
i

v = volume of radial cracks per unit length

cn
R = aR (T, -T.) (3)
R, =  average radial increment radius

All other temms have been defined in the previous subsection. The
rings are numbered from the surface inward as before.

1.1.3 LACEDF - Cladding Deformation Calculations. LACEDF
calculates cladding thermal expansion and material properties from the
averaged cladding temperature. Cladding hoop stress and axial
stress are calculated as for a thin cylinder using the equations:

PR! - PR
G i Lo (4)
°H {Eo g “i}
P.(R!)Z - P_(R")?
G' C''o (5)
OZ = (R‘Z ) R.Z)
0 i
where
oy = hoop stress
o, = axial stress
PG = fission gas pressure
Pc = coolant pressure

a. Cladding temperature is the average of all the cladding node
temperatures.



R = new inside cladding radius as calculated at the
last calculation step.

Ko = new cutside cladding radius as calculated at the
last calculation step.

The cladding strains are computed by the equations

CH UZ
€y = Em - v(T) m + €c + cp (6)
€ = ;—Z(-nr)- - (1) ;%ﬂ (7)

where
€, = hoop strain
€3 = axial strain

€ = plastic strain calculated in EMSTRN

p

E(T) = temperature dependent Young's modulus
T = average cladding temperature

v(T) = temperature-dependent Poisson's ratio

€ = creep strain (a quantity initialized from steady-state
calculations).

The new cladding dimensions are calculated as

’ , At
Ri =Ry =<7 (8)

10



0 ' at
Ro=f* 2 (9)

Ri + Ro
T+ <) '
where
Ll
R =  new inside cladding radius
Ro =  new outside cladding radius
R1 = cold inside cladding radius
Ro = cold outside cladding radius
€TH - al(T) (T - Tr)
= thermal strain
Tr = strain-free reference temperature.

If the deformation of the fuel and the cladding is such that PCMI
has occurred, an interface pressure is calculated in subroutine PRSINF
as described in Section 1.1.5. In iddition, the new cladding
coordinates are then calculated from

R; = Ré (12)

Ro = R' + at (13)

- Se~ Appendix A for discussion of Equation 11.

1
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where

R6 = new fuel pellet radius.

1.1.4 LACEDF - Cladging Deformation After Failure. After
failure has been predicted to occur the rod internal pressure is
assumed to equal the coolant pressure and hence, there is no
pressure-induced stress in the cladding. The LACEDF calculations of
cladding deformation subsequent to failure utilize Equations 10 anc 'l
but with the following change. The hoop strain, ¢, , is now defined
as

H’

€y = cp/0.2 + €
where “p is the plastic strain predicted at failure (by subroutine
EMSTRN) and e_ is the creep strain defined earlier. €y is
multiplied by five because EMSTRN limits the plast.c strain to
one-fifth the strain at failure found in the Radial Expansion
versus AP table. (This table is described in Section 1.1.6.)

1.5 Subroutine PRSINF

Subroutine PRSINF calculates the interface pressure due to
pellet-cladding interaction. The interface pressure due to
interference 1s calculated as

I

—
g
P. = (14)
‘ '7 l2
RO + Ri ¢ Y% ¥ Ec(l - vf)
R'C - Ri€ Ef
(¢] 1

12



where

’ I = cladding-fuel interference?
L
Ry = new inside cladding radius
n '
Ro = new outside cladding radius
V¢ = volume averaged Poisson's ratio of the fuel
"¢
ve (T) rdr
n '/Ci f
= r 5 (15)
bl ;
re = fuel outside radius
Py = fuel center radius (i.e., ry = 0 for solid fuel
pellets)
.
vf(T) = temperature dependent value of vg at radius r
. and at T(r)
T(r) = temperature at radius r
Ve = volume averaged Poisson's ratio of the cladding

(calculated similarly to v¢ calculation in
Equation 15)

Es =  volume averaged Young's Modulus of the fuel
(calculated similarly to v¢ in tquation 15)

a. The cladding-fuel interference I is calculated as the overlap
between the new fuel radius and the new cladding inside radius,
"neo, I = Rfue]—Ri.

13
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£ B volume averaged Young's Modulus of the cladding
(calculated similarly to v¢ in Equation 15).

Since the Pi calculation uses the deformed radial coordinates
the total interface pressure must also include the contribution from

the fission gas pressure so that

P = total interface pressure

= -
Pgas + Pi (16)
where
Pgas = fission gas pressure
P, = interface pressure due to interference calculated

above.

If the calculated total interface pressure would cause the cladding
stress to exceed the yield stress, then the interface pressure is set
equal to the pressure required for the cladding stress to equal the
yield stress.

1.1.6 Subroutine EMSTRN. Subroutine EMSTRN computes cladding
failure, plastic deformation and flow blo-kage by comparing the
cladding prescure differential against tabulated data of cladding
failure behavior data. The data are supplied by the user in the form
of three tables:

(a) Rupture Temperature versus aP
(b) Radial Expansion versus aP (Single Rod Data)
(c) Assembly Averane Flow Blockage versus 2P (Multiple Rod Data).

» See mppendix A for discussion of Equation 16.

14



Sample tables are shown in Tables 1, 2, and 3. A description of
these tables and how they are to be applied is given in the WREM
document. They are utilized in FRAP-T4-LACE as described below.

The prediction of plastic deformation and flow blockage depends
upon the pressure differential aP across the cladding, where

AP - Pgas - Peoor

The EMSTRN subroutine calculates failure and plastic strains only if
the rod internal gas pressure is greater than the coolant pressure,
that is, aP > 0. If aP is greater than zero, the EMSTRN subroutine
determines the rupture temperature (Trupt) corresponding to the aP
value. This rupture temperature is calculated by interpolation from
the user input table of Rupture Temperature versus aP. EMSTRN defines
the differential in rupture temperature and clacdino temperature as

AT = T T

rupt - ‘clad

The plastic strain and flow blockage predictions are then calculated
for the following three possible cases:

(a) aT > 200°F.

For this case there is no plastic strain or flow blockage.
Failure is not predicted.

(h) 0 < aT < 200°F,

A value of plastic hoop strain is calculated as

i exp(-0.0153aT)
0" .3 (19)

15



s

- S

TABLE 1

RUPTURE TEMPERATURE VERSUS aP

Pressure Vifference
Across Cladding (psia)

0
100
200
400
600
800

1000
1200
14c0
1600
1800
2000
2200
2400

16

Average Rupture Temperature('F)

2500
2200
1820
1730
1660
1600
1540
1480
1440
1400
1370
1335
1210
1280



TABLE 2

RADIAL EXPANSION VERSUS aP

Pressure Difference
Across Cladding (psia)

0
100
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400

17

Best Estimate
Radial Expansion (%)

60
60
32
25
35
46
54
6U
62
60
56
48
38
30



TABLE 3

ASSEMBLY AVERAGE FLOW BLOCKAGE VERSUS aP

Pressure UDifference
Across Cladding (psia)

0
100
200
400
6L0
800

1000
1200
1400
1600
1800
2000
2200
2400

18

Max imum Assembly
Average Flow Blockage (%)

80
80
6UL
32
35
55
70
78
77
73
67
57
52
30



1'2

where F is the value of failure strain corresponding to aP
interpolated from the Radial Expansion versus aP table. There is
no blockage in this case and failure has not occurred.*

(c) First timestep when aT < 0.

Failure is predicted and the total plastic hoop strain is defined
as

Cp = F/S- (2()}

The flow blockage is predicted and calculated by interpolation
from the Assembly Average Flow Blockage versus aP table.

(d) All timesteps after failure.

After the first timestep at which failure is predicted, the
plastic strain is set equal to the experimental failure strain,
iueo’ tp = F.

Comparison of LACE and BE Mechanical Models

In order to compare the performance of the LACE mechanical models

against the better understood best-estimate mechanical models, a

hypothesized LOCA problem was analyzed exchanging the LACE mechanics
model with the BE mechanics model. In each case, all other LACE

options were utilized. (The reader should carefully note that the
comparision is not between a BE FRAP calculation and an EM

calculation, but rather a « “parison between two mechanical models. )
The only change involved was the substitution of the best estimate

*

See Appendix A for further discussion of the EMSTRN calculations.
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FRACAS-] cladding analysis model and HATPR04 failure analysis models
in place of the LACEDF cladding and EMSTRN failure models. This
comparison checked the cladding deformation calculations against a
separate analysis and compared the LACE failure predictions with the
MATPRO failure predictions. The MATPRO failure predictions utilize a
similar data base but determine failure by comparing the analytical
strain predictions to experimental data for strain to failure. An
evaluation of the results i; detailed below.

1.2.1 UDescription of the Comparison Problem and Failure
Criteria. The sample problem used for this comparison i1s the
hypothesized Zion PWR LOCA standard problem described in Appendix U.
The main parameters for this problem are listed in Table 4. The rod
average power, however, was increased to 13.02 kW/ft to force cladding
failure. The flow chart in Figure 2 shows a comparison of the two
paths for the failure analysis. The significant difference lies in

determination of plastic strains and in the criteria of failure as
will be seen below. q

The LACE-EMSTRN calculations were described in .
Sections 1.1.4 - 1.1.6. The input tables used in this comparison
problem for plastic strain, failure and blockage are shown in
Tables 1, 2 and 3 and are taken from the WREM document. By
cross-plotting total circumferential strain at failure versus
temperature at failure from Tables 1 and 2 in Figures 3 and 4, we can
compare this failure data to both the MATPRO failure strain model
(CSRUPT) and a second set of cladding failure strain data which
inc ludes the Hardy5 datua. It should be noted, however, that the
EMSTRN calculation does not base failure on the total strain
calculation but strictly on temperature and pressure differential.
Figure 3 shows the similarities in the two data sets. No assumptions
can be made as to inherent conservatisms because the two failure
criteria are totally different. Figure 4 is included primarily to
show that the WREM data is not Mardy's data as has been often implied.

20
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TABLE 4

UESCRIPTION OF ZION PWR LOCA PARAMETERS

Characteristic

Fuel "ellet Radius (in.)

Gas Gap (in.)

Cladding Inside Radius (in.)
Cladding Outside Radius (in.)
Fuel Density (%TD)

Cladding Cold Work (%)

Burnup (MW-s/kg)

Active Fuel Stack Length (ft)
Fill Gas

Fill Pressure (psia)

Plenum Volume (in.3)

Conlant Conditions

21

Value

0.1829
0.0043
0.1872
0.211

94.6

10

0

12

He
3.75
0.78

PWR Douvble-Ended
Cold Leg Break



FRAP-T4-LACE COMPARISON ANALYSIS

> LACE with FRACAS-1, MATPRO

ALL LACE ¢ w0k
Fuel-Cladding
———— e e = = = ~ = ==qMechanical Deformation
2 _L____JACEDF Analysis (Clastic)
This shell theory for cladding

GAPCOI-TF‘M-I Fuel Expansion

Function of pressure diffecential,
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Failure occurs when pressure dif-
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BALLOON performs a detailed analysis iu the
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Fig. 2 FRAP-TA-LACE mechanics comparisons,
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Fig, 3 Cladding strain to failure comparison.
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Fig. 4 Total circumferential ¢jongation (TCE) as a function of burst

temperature,
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The FRACAS-I mechanical model substituted for the LACEDF model is
very similar to the LACEDF model for fuel expansion and cladding
elastic behavior. However, FRACAS-I calculates cladding plastic
strains using multi-axial plasticity theory with the von Mises yield
criteria, the Prandt]l-Reuss flow rule and strain-rate effects. Once
an instability strain (obtained from MATPRO) is reached, ballooning 1s
predicted to occur and a more detailed (large deformation) analysis 1n
the ballooned region is made by the subcode BALLOON. Fail.re is
predicted in the ballooned region when the total cladding strain
exceeds the rupture strain from MATPRC subroutine CSRUPT (see
Figure 3).

1.2.2 Results. The most significant result of this comparison
is that the FRACAS-I model predicts failure well before the LACEDF
model, at 16 s as opposed to 35 s.

In this case one might expect that the cladding temperature
calculations would also be different. However, from Figure 5
temperature predictions are seen to be almost identical. In fact,
when FRACAS-I predicts failure at 14 to 15 s, the cladding
temperatures are slightly higher in the LACE prediction. The plots of
aP (pressure differential across the cladding) for the comparison
problem are shown in Figure 6. Until 11 s the two predictions are
very close although aP for the LACE calculation is always higher. At
about 11 s the two predictions diverge. The FRACAS-I model predicts
larger plastic hoop strains, and a lowering of the rod internal
pressure. Figure 7 shows the two predictions of total hcop strain and
time to failure. The LACE prediction of plastic strains remains well
below the FRACAS-I prediction untii 32 s. It should be noted that the
large increase in the LACE prediction of hoop strain after failure
occurs because the plastic strain is set to the total strain at
failure calculated from the failure table.
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The important point of this comparison is that while the EMSTRN
prediction of plastic strain may assure higher cladding temperature
and higher pressure differential across the cladding, the EMSTRN
criteria for failure per se may not be as conservative as thought.

The use. should note that the LACEDF model has a limited ability
to analyze cladding plastic behavior and cladding behavior during
PCMI. The model does not analyze cladding collapse. For these
reasons the model should be limited to analysis of LOCA events.

2. THERMAL INITIAL AND BOUNDARY CONDITIONS

In making the calculations for the temperature distribution in
the fuel and the cladding, LACE options are applied to the following:

(a) Uperating power prior to transient

(b) Fission product decay heat

(c) Convective heat transfer and CHF correlations
(d) Reflood heat transfer correlations.

These LACE options are described in the following subsections.

2.1 Operating Power Option

As stated in 10 CFR 50 Appendix K, "it shall be assumed that the
reactor has been operating continuously at a power level at least 1.02
times the licensed power level" when determining the heat sources
during a LOCA. FRAP-T4-LACE accommodates this requirement through
option 20, “operating power x 1.02," which increases the input
operating power history by 2%.

The influence of this 2% power conservatism upon fuel

temperatures and stored energy was examined for a hypothetical LOCA
blowdown. This problem was the standard Zion LUCA problem (see’
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Tabie 4) with an initial power of 9.11 kW/ft. The effective
conductivity and relocation model options were used in thesc
calculations. Two predictions of this blowdown transient were
performed. In one, all wcdels were BE. In the second, the same BF
mode s were used except that the power history was increased by 2%
(option 20). Results obtained from comparison of these two runs
indicated that fuel centerline temperature is increased 1 to 3%,
cladding surface temperature is increased 0 to 1%, and stored energy
is increased about 1% during the blowdown when option 20 is used.

2.2 Fission Product Decay Heat uption

The best estimate decay heat model used in FRAP-T4 is the
proposed ANS 1971 Standard.6 When LACE option 21 1s activated, the
decay heat power is obtained from the ANS model for infinite reactor
operating time, and is multiplied by 1.2. This procedure is 1in
accordance with 10 CFR 50 Appendix K requirements. The procedure is
conservative with respect to the Appendix K requirements, which permit
the multiplication factor on decay heat to be less than 1.2 for about
the first 50 s following reactor scram.

The same typical blowdown problem of Section 2.1 was analyzed,
again with and without the fission pro_ uct decay heat option (option
21) but with all other models being best estimate. Results from those
two runs were compared, and the fuel centerline temperature was found
to increase by 1 to 2% during the blowdown when the conservative model
was used. Similar increases were noted for the stored enercy and
cladding surface temperature histories.

2.3 Heat Transfer and Critical Heat Flux Correlations

FRAP-T4-LACE has at least one heat transfer correlation for each
convection mode of heat transfer. The various modes of convection
heat transfer are illustrated in Figure 8. The appropriate mode of
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heat transfer is determined by the code. As shown in Figure 3, a key
quantity in the determination of the mode of heat transfer is tne
critizal heat flux. Several correlations for critical heat flux are
contained in the code.

The appropriate convection mode .. heat transfer at a given point
on the surface of a fuel rod is determmined by comparing the heat
fluxes given .y each applicable mode of heat transfer. The coolant
void fraction, mass flux, and pressure are the factors used to
determine the appli~ability of each heat transfer mode. The scheme
used to determine the heat transfer mode is outlined in Table 5, which
is taken from RELAP4.7 The scheme of Table 5 is programmed in
subroutine HIRC.

The heat transfer and critical heat flux correlations in FRAP-T4-LACE
include the correlatiuns specified in 10 CFR 50 Appendix K.

The available correlations for each heat transfer mode are listed
in Table 5 and are described in detail in Table 6. The symbols used
in Table 6 are defined in Table 7.

The following critical heat flux correlations are available:

(1) Modified Barnett®

(2) Barnett9

(3) B&W-2 (bellerstadt)lo
(4) w-3ll

(5) LOFTZ

(6) General Electricld
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TABLE 5
x HEAT TRANSFER MODE SELECTION AND CORRELATIONS
Heat Transfer Mode Range® Meat Transfer Correlation”
. e T or Ditt Tter®
1. Forcea convection to liquid T_ ¢ e QZ < 01 € ocrit us-Boelter
: 1 . 17
2. Nucleate boiling °1 < 02 ‘ocnt' \'_ > Tut' a<09 Thom
3. Forced convection vaporization Q ‘ant: a>0.9 Snrm:in-sﬂ:'ssmmls
4. Flow transition boiling Qp 0r Q3 > Qcpiei > Oss McDonougn, Milich, ang ngw
6 > 200,000; P > 500 or Qq < Qg
5 Flow film boili g, or Q, > ;0 > Q Groenevllazo
. "5 2 37 Yeritr Y57 Ya
6 > 200,000 or 05 > Q‘ (a<0.6)
or 07 (2>0.6)
6. Pool film veiling 0, 0 Oy > Qi 6<200,000 Modified Bromiey’!
Q6 > 05;050.3
s 21
7. Free convection g, or 03 > ch!t; 6 < 200,000 Free convection®' « rydiation
mc,» Qs;a>0.3
. 1%
8. Forceg convec®ion ta gas Xzl Dittus-Boeiter”
9. Low pressure fiim doiling” P < 500 and range of mode 5 Dougal1-fonsenow” "
10. Reflooa t 2ty ‘LECNTz3
P The symbois used are:
Js = surface neat flux for i-th heat transfer mode a - conlant void fraction
Qerit = critical heat flux X = coolant quality
T = cladding surface temperature 6 = mass flux (Ibm/hr-ftd)
Teat = saturation temperature of coolant P =  coolant pressure (psia)
t = time (5}
tg = time or 'nitiation of core reflocding (s)
b For each heat transfer mode shown, only one of the listed correlations next to the parameter limits describing the range of
the heat transfer mode 1s used. The correlation to be used is specified on the card input.
¢ if a flow film doiling correlation other than Groeneveid is specified, mode 9 is not considered.
.
-
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TABLE 6
HEAT TRANSFER CORRELATIONS®

Mode 1  Subcooled Ligquid Forced Convection: Ditt.s and Boelterl®

K
h = 0.023 0 pr0-3pe0-8

Mode 2  Nucleate Boiling: Thoml7

2
' [ Tz €XP (P/1,260) ]

0.072

Mode 3 Forced Convection Vaporization: Schrock and Grossmanlé

K
h = (2.5) (0.023) 5 Pre0* [Ref (1-x)]°-3
e

0.75
0.9 u. 0.1 o, 0.5
X 9 i |
[(1—:—2) ( uf) (og) ]

Mode 4 Transition Boiling: McDonough, Milich, and King19

g = acur - C(P} (Ty = Tw,oHF)

Pressure, psi C(P)

2,000 979.2
1,200 1,180.8
800 1,501.2

where T e = T + 0.072 exp (-P/1260) (qcHF)%-5

Mode 5 Stable Film Boiling: Groeneve 1420
k c -p-a
= P + 1-X
h abg» ru{Reg[x s (1-X)

0.4 °f 0.4 9
lLO-&lUJ)‘(T—l)'

9

b
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TABLE 6 (Continued)

Mode 5 Stable Film Boiling (continued)

broeneve 1d Equation (5.9) Groeneve 1d Equation (5.7)
(cluster geometry) (annular geometry)
a. 0.00327 0.052
b. 0.901 0.688
g 1.32 1.26
d. -1.50 -1.06
Mode  Low Flow Film Boiling: Modified Bromley?l
3 1o.25
k_“h - [
© _ o.62] “a g 0 gleg og)
: u L al J
g sat
0.5
L=2nx gCo
g Gf-og)

Mode 7 Free Convection plus Radiat:ionz1

0.2
h. = 0.4 (6r Pr)
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TABLE 6 (Continued)

Mode 7 Free Convection Plus Radiation (continued)

0

e
L3
S 1% 1.9
b ozy L71aao?)  (w - Tsath
p = ET
sat

Mode 8 Superheated Vapor Forced Convection: Dittus and Boelter16

K
h = 0.023 D, pr0-4gel-8

Mode 9 Low Pressure Flow Film Boiling: Dougall and Rohsenow’?

K 0.4 fﬂ 0.8
h = 0.023 D': Prg Reg [x + g (l-x)]
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