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FOREWORD

To improve the Nuclear Regulatory CommissZon (NRC) staff's capability
to perform independent audits of vendor and épplicant analyses, a
series of computer programs have been generated to analyze the transient
following a postulated loss-of-coolant accideni. These computer
programs can be used for both boiling and pressurized water reactors.

These computer programs were designed to comply with the require-
ments set forth in Appendix K to 10 CFR Part 50, but thay also contain
flexibility to perform other analyses. For example, data related to
pump performance and fuel behavior are input by the user. Therefore,
if these programs are used by applicants as part of a specific plant
license application, further justification is required to demonstrate
that the appliication of these programs in specific cases conforms to
the Appendix K requirements.

The technology embodied within these programs represents the
current capability in this field. In cases whz2re the understanding of
certain physical phencmena may >e incomplete, conservative models have
been adopted. Many experimental programs are being corducted to
improve our understanding in thase areas and to develop mote sophis-
ticated analysis techriques. While we beiieve the present computer
analysis capabilities presented in this cocument are adequate for the
purpcse of evaluating the emergency core ccoiing systems, we wish to
encourage and =smphasize the need for addZiionzl work in this area. We
anticipate that improved computer codes will -e available in several

years as a rasuit of this continuing research and development activity.
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INTRODUCTION

The Water Reactor Evaluation Model (WREM) consists of several
computer programs developed to evaluate the consequence of a light-
water—-cooled power reactor when subjected to a postulated loss-of-
coolant accident (LOCA) with emergency core coolant injection in
accordance with current Commission acceptance criteria;l/ The WREM
computer programs are almost entirely in FORTRAN IV and are programmed
for the IBM digital computers. WREM was developed under the auspices
of the NRC* staff, using the Aerojet Nuclear Company as its principal
consultant.

The analytical techniques and assumptions used in the WREM computer
programs are in accordance with 10 CFR Part 50 Appendix K - ECCS
Evaluation Models.EJ WREM codes were developed based on existing com-
puter programs modified to comply with the acceptance criteria. The
purpose of this document is to provide general descriptions of the
analytical models added or modified to make existing computer programs
conform to the Commission criteria, and to provide the user with
sufficient information to use the Evaluation Model programs. The
fundamental capaﬁilities of the base programs have not been altered,
and the user must refer to the referenced program description documents
for the base programs to obtain details of these capabilifies. This
document then supplements the base program manuals in providing the

WREM description.

*Previously the AEC Regulatory staff.
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This document is divided into several sections which discuss the
Evaluation Model programs and the analytical models added to the
existing computer programs. Section 1, "Introduction,'" provides a
basic introduction and explanation of the PWR and BWR evaluation
models. Section 2, "Basic Analytical Models," describes the analytical
models and features‘that are common to each of the WREM computer
programs. Sections 3 through 6 describe the WREM codes, modifications
and analytical models. As previously discussed, this document does not
attempt to provide a complete code description, but describes the
added analytical models and modification. The user should refer to
the original program description documents referenced to supplement
this document.

Because of basic design differences and the resulting differences
in expected LOCA behavior, the pressurized water reactors (PWRs) are
analyzed using a different method than that used for the boiling water
reactors (BWRs). Figures 1.1 and 1.2 show the WREM computer programs
for PWRs and BWRs, respectively, and the portion of the LOCA tramnsient
to which they apply.

Pressurized Water Reactor Evaluation Model

For the evaluation of a postulated LOCA for a PWR, the Evaluation
Model consists of the following three computer programs: (1) RELAP4-EM,
(2) RELAP4-FLOOD, and (3) TOODEE2. The evaluation of a LOCA transient.

using the Evaluation Model is performed in four parts:
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1. A system blowdown or decompression analysis calculation is made
using a modified version of the RELAP4gj program called
RELAP4-Evaluation Model (RELAP4-EM, blowdown analysis).

2. A more detailed core thérmal-hydraulic calculation is made by
applying time-varying boundary conditions from the decompression
program to a more detailed core model (hot channel analysis).

3. A reflood rate calculation is performed using the RELAP4-~FLOOD
program, which is a separate adaptation of the RELAP4-EM
program (refill/reflood analysis).

4. A thermal analysis of a fuel rod during refill and‘reflood is

made using the TOODEE2§§/

the TOODEEQ/ program.

program, which is a modification of

The RELAP4~EM blowdown analysis provides a calculational model of
the reactor primary and secondary systems, including the hot fuel
assembly or assemblies in the core, the remainder of the core, the
reactor vessel downcomer, upper head; upper plenum regions, secondary
coclant systems, and emergency core coolant injection. The RELAP4-EM
analysis begins from steady-state or assumed initial operating condi-
tions and continues through pipe rupture and system decompression to
the onset of the reactor core recovery with emergency coolant.
RELAP4-EM computes the space and time variations of thermal-hydraulic

conditions of the primary and secondary coolant systems. Included in



the calculation are coolant flows between regions; heat transfer
between the primary and secondary coolant systems; heat transferred
from system metal surfaces and the core to the coolant; hydraulic
effects of system components such as pumps, valves, and the core;

the temperature of the hot fuel assembly and the remainder of the
core; fuel rod swelling and rupture; and emergency core coolant (ECC)
bypass.

RELAP4-EM is then used to model the reactor core, including a hot
fuel rod (hot channel analysis). Time dependent boundary conditiomns
are supplied by the previous RELAP4-EM calculation to represent the
fluid conditions in the adjacent upper and lower plenum regions. The
RELAP4-FM program then performs a detailed calculation of the core
and hot fuel rod temperature transient for the same time period as
the system calculation previously performed by RELAP4-EM.

The RELAP4-FLOOD program performs essentially a continuation of
the system blowdown calculation through the period of ECC reflood of
the reactor core. The program itself is a special version of the
RELAP4-EM program with modifications primarily in the core region to
calculate reflooding rates and fluid conditions as required by the
Commission acceptance criteria.

The fuel rod temperature calculation is provided during the
blowdown period to the end-of-bypass period by the RELAP4-EM hot
channel (a detailed core model). This calculation is continued

during refill and reflood by a TOODEE2 calculation. The TOODEE2
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calculation determines the temperature response of a single fuel rod
with initial conditions obtainéd from the RELAP4-EM hot channel
analysis. The hot channel analysis also provides detailed core and
subsequent f£luid conditions as a function of time to the end of
bypass. The core reflooding rate is obtained from the RELAP4-FLOOD
and is used with a modified version of the Westinghouse FLECHT
correlation to obtain the temperature response during reflood.

The TOODEE2§§/ program is a special version of the TOODEEQ/ program

with modifications as required by the Commission acceptance criteria.

Boiling Water Reactor Evaluation Model

The evaluation of a postulated LOCA for a BWR requires the use
of (1) RELAP4-EM and (2) MOXY-EM computer programs. The BWR Evaluation
Model calculation is performed in two parts:

1. A system blowdown or depressurization is performed using

RELAP4-EM.

2. A thermal analysis of a planar section of a fuel assembly is made
using the MOXY-EM program, which is an adaptation of the MOXYE/
computer program.

The BWR Evaluation Model utilizes two interrelated programs to
evaluate the response of a BWR to a postulated loss-of-coolant acci-
dent. These programs are RELAP4-EM and MOXY-EM. The RELAP4-EM com~
puter program is used to model the hot fuel assembly and the remainder

of the core, the fluid system within the reactor vessel, and the

recirculating loops. The analysis begins with steady-state operating



conditions and is usually terminated at the end of lower plenum
flashing unless further calculations are desired. The RELAP4-EM
system analysis computes the space and time variation of thermal-
hydraulic conditions of the fluid within the reactor vessel and
recirculating loops, flows between system regibns, heat transferred
from system components and the core to the coolant, hydraulic effects
of the pumps, fuel rod swelling and rupture, and power and tempera-
ture of the core and the hét fuel rod assembly.

The hydraulic conditions and heat transfer coefficient to be used
in MOXY-EM are produced during the blowdown analysis. A separate hot
channel using the plenums as boundary conditions is not required for
the BWR Evaluation Model because of the BWR design. For the BWR
analysis, the hot channel calqulatiop is usually made concurrently
with the system analysis but may be made as a separate calculation.
The RELAP4-EM hot fuel assembly results provide (for the same time
as analyzed by the RELAP4-EM system model) detailed information on
the time-dependent normalized power, the average fluid conditions and
convection heat transfer coefficients in the hot fuel assembly. The
MOXY-EM program models in detail the geometry of the fuel rods and
the canister at the hot axial level of the hot fuel assembly. This
program is used to calculate the detailed thermal response of the
fuel rods and canister, including the effects of radiation heat
transfer. The MOXY-EM calculation begins with steady-state operating
conditions and continues throughout the LOCA transient, including ECC

injection. The calculational sequence is presented in Figure 1.2.
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2.1

BASIC ANALYTICAL MODELS

Four computer programs form the basis of the analysis capability
for the evaluation models. These programs are RELAP4-EM, RELAP4-
FLOOD, TOODEE2 and MOXY-EM. Each of these computer programs is used
in different parts of the blowdown analysis and together form a com-
plete WREM code package. The WREM codes can be used to analyze both
PWR and BWR postulated accidents.

Certain analytical models specified by the acceptance criteria
are common among the WREM computer programs. In the development of
each of these separate computer programs, consistency between common
models was important. Because some of these programs actually restart
an analysis at the end of a previous computer run, i.e., RELAP4~EM
(hot channel) to TOODEEZ2 for determining the peak clad temperature in
a PWR, consistency between these programs is necessary.

The basic analytical models used in three of the WREM computer
programs are described in this section. The models discussed are radio-
active decay heat, gap conductance, clad swelling and rupture, material
properties and metal water reaction. (Of these, only decay heat .is
used in RELAP4-FLOOD.) These models are mot programmed identically
into each computer program, but the basic form of the analytical models
is the same.

Fission Product Decay and Decay of Actinides

The Commission acceptance criteria require that several sources

of neutron fission energy be considered in the Evaluation Model.
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These are 1) fission heat, 2) decay of actinides, and 3) fission pro-
duct decay. RELAP4-EM considers all three of these in calculating the
neutron fission energy sources. RELAP4-FLOOD, TOODEE2 and MOXY-EM
consider only the decay of actinides and fission product decay. These
programs use the power vs time curve produced by RELAP4-EM or are
iﬁitialized from the RELAP4-EM code.

For calculation of fission heat, the Commission criteria state:

“2. Fission Heat. Fisstion heat shall be calculated using

reactivity and reactor kinetics. Shutdown reactivities resulting
from temperatures and voids shall be given their minimum plausible
values, including allowance for uncertainties, for the range of
poweyr distribution shapes and peakingAf&ctors indicated to be studied
above. Rod trip and insertion may be assumed if they are calculated
to occur."

The fission heat calculated by RELAP4-EM uses a reactor kinetics
model and reactivity from time~dependent reactivity data (scram and
borated water injections) and feedback effects from water density,
fuel temperature, and water temperature. This model is described

in the RELAPég/

manual.
For large breaks in a PWR reactor, shutdown will usually occur
because of void formation; and a reactor rod scram input may not be

necessary. For this case, a density reactivity tabular function

which is valid over the entire LOCA water density range must be
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supplied by the user. For smaller breaks and BWRs. shutdown is caused
by control rod action. The reactcivity effects of control rods and
boron injection are supplied by a tabular input of reactivity vs time.
Doppler reactivity is also a tabular input as a function of fuel
temperature.

The fuel temperature coefficient is normally input as zero, as
this effect is considered in the Doppler relationship. Likewise, the
water temperature coefficient can be input as zero since the density
effect of water temperature is included in the density reactivity
function. Weighting factors between core volumes are usually computed
on a normalized flux (power) squared relationship.

Consideration of the other two energy sources required by the
criteria, decay of actinides and fission product decay, require
modification. 1In reference to these two energy sources the Commission
criteria state:

"3. Decay of Actinides. The heat from the radioactive decay

of actinides, ineluding neptunium and plutonium generated during
operation, as well as isotopes of uranium, shall be calculated in
accordance with fuel cycle calculations and known radioactive
properties. The actinide decay heat chosen shall be that appropriate
for the time in the fuel cycle that yields the highest calculated

fuel temperature during the LOCA."



2-4

"4, Fission Product Decay. The heat generation rates from

radioactive decay of fission products shall be.assumed to be equal
to 1.2 times the values for infinite operating time in the ANS
Standard (Proposed American Nuclear Society Standards - 'Decay
Energy Release Rates Following Shutdown of Uranium-Fueled Thermal
Reactors'. Approbed by Subcommittee ANS-5, ANS Standards Committee,
October 1971). The fraction of the locally generated gamma energy
that is deposited in the fuel (including the cladding) may be
different from 1.0; the value used shall be justified by a suitable
caleulation."

Decay of U235 fission products is computed by a relationship of
the form of the summation of eleven decay equations. The equation is

equivalent to:

11 '
P/P total = % E, exp (- A, t) n
-=1 | ] ’
J
where:
P/P total = fraction of operating power
Ej = yield fraction of decay heat group j
Aj = decay constant of decay heat group j
t = shutdown time, sec

Values used in this relationship are given in Table 2.1.
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TABLE 2.1

RADICACTIVE DECAY CONSTANTS

E, A, (sec 1)
Group i ki

1 0.00299 1.772

2 0.00825 0.5774  _,
3 0.01550 6.743 x 10_3
4 0.01935 6.214 x 10_;
5 0.01165 4.739 x 10_;
6 0.00645 4.810 x 10_6
7 0.00231 5.344 x 10_7
8 0.00164 5.726 x 10_7
9 0.00085 1.036 x 10_8
10 0.00043 2.959 x 10_
11 0.00057 7.585 x 10

The fission product decay heat computed by the eleven group
equations was evaluated and compared to the tabular values of the

ANS standardgﬁ/

for infinite operating time. The comparison is shown
in Table 2.2 along with the percentage error in the eleven group
relationship relative to the ANS standard. As shown, agreement
between the two relationships is within 47 over the entire range.
Over the range of principal concern, 0.1 to 100 seconds, the eleven
group calculation is within -1 to +2.1% of the ANS standard and is
generally slightly higher. Based on this analysis, the ANS standard
fission product decay heat data are well represented by this decay
heat model.

Both TOODEEZ and MOXY-EM have options that allow time-dependent

heat sources to be entered in the input with linear interpolation

between values in the table. MOXY-EM also has the option of using
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TABLE 2.2
COMPARISON OF RELAP4 AND ANS STANDARD DECAY HEAT CALCULATED RESULTS

Time (sec) RELAP4 ANS STD % Error
0.0000E+00 0.06%900 - - 0.0000
1.0000E-01 0.068900 0.067500 2.0741
1.0000E+00 0.0628300 0.062500 0.4800
2.0000E+00 0.059200 0.059000 0.3390
4 .0000E+00 - 0.055400 0.055200 0.3623
6.0000E+00 0.053100 0.053300 0.3752
3.0000E+00 0.051400 0.051200 0.3906
1.0000E+01 0.04%900 0.050000 0.2000
2.0000E+01 0.044900 0.045000 0.2222
4.0000E+01 0.039800 0.039600 0.5051
6.0000E+01 0.037200 0.036500 1.9178
8.0000E+01 0.035300 ©.034600 2.0231
1.0000E+02 0.033700 0.033100 1.8127
2.0000E+02 0.028400 0.027500 3.2727
4.0000E+02 0.023400 ©.023500 0.4255
6.0000E+02 0.021300 0.021100 0.9479
8.0000E+02 0.020100 0.019600 2.5510
1.0000E+03 0.019200 0.018500 3.7838
2.0000E+23 0.016100 0.015700 2.5478
4.0000E+03 0.012800 0.012800 0.0000
6.0000E+03 0.011200 0.011200 0.0000
8.0000E+03 0.010300 0.010500 1.9048
1.0000E+04 0.009760 0.009650 1.1399
2.0000E+04 0.003010 0.007950 0.7547
4 .0000E+04 0.006260 © 0.006250 0.1600
6. 0000E+04 0.005460 0.005660 3.5336
8.0000E+04 0.005050 0.005050 0.0000
1.0000E+05 0.004790 0.004750 0.8421
2.0000E+05 0.004090 0.004000 2.2500
4.0000E+05 0.003390 0.003390 0.0000
6.0000E+05 0.003050 0.003100 1.6129
8.0000E+05 0.002840 0.002820 0.7092
1.0000E+06 0.002690 0.002670 0.7491
2.0000E+06 0.002190 0.002150 1.8605
4 .0000E+06 0.001630 0.001660 1.2048
6.0000E+06 0.001440 0.001430 0.6993
8.0000E+06 0.001290 0.001300 0.7692
1.0000E+07 0.001190 0.001170 1.7094
2.0000E+07 0.000906 0.000890 1.7978
4.0000E+07 0.000693 0.000680 2.6471
6.0000E+07 0.000619 0.000620 0.1613
8.0000E+0Q7 0.000577 ©.000570 1.2281
%.0000E+08 0.000551 0.000550 0.1818
2.0000E+08 0.000491 0.000485 1.2371
4.0000E+08 0.000421 0.000415 1.4458
5.0000E+08 0.000362 0.000360 0.5556
8.0000E+08 0.000311 0.000303 3.6403
1.0000E+09 9,000267 ©.000287 8.0000



a built—in table based on the ANSgé! standard plus 207, or using values

stored on a RELAP4—-EM plot~restart tape. When specifying the time
dependent heat source for TOODEE2Z and MOXY-EM, the RELAP4-EM generated
values should be used during blowdown and then the ANS plus 20%

including the decay of actinides should be used for the remainder or

the transient.
The ANS standard equationsgé/ were added to RELAP4-EM to compute
decay of U239 and Np239. Assuming infinite operating time, the

equations become:

PU o -4 t
239 _ 2.28 x 10—3 c 25 (3—4.91 x 10 s) 2)
P )
(o) 25
£
PNp- o] -6
—?239- =2.17x10 3¢ 025 [7.0 x 1075 (e 3+41 x 10 "t
0 4 23 ~4.91 x 10”4
-e s)
~3.41 x 107%
+ e - s] (3)
where:
P = decay power
P0 = operating power
925
€3 = Uy, atoms consumed per U235 atoms fissioned
25
f
t = shutdown time, sec.

Summing these expressions and combining like terms gives the actinide

decay equations in the form:
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LS

Pactinide -
P .
o J

L)

. Ej exp (—ths) (4)

Thus the actinide decay was included in RELAPA-EM by adding two
additional decay equation terms to the eleven equations for fission

product decay. The constants for the equations are:

E, . = C—22 [2.28x10°° -7 x10"3 (2.17 x 1071 (5)
j=1 cf25
925 -3 -3
Ep = © 5 23 (.17 x 10°7) (@ + 7 x 10 °) (6)
A, = 4.91x 1074 sec L ' (7)
A, = 3.41 x 10°° sec 1 (8)

o}
The quantity C 0235 is a user supplied input for the variable UDUF
°f

of the kinetics constant data (data card 140000) in the RELAP4-EM
input.

The option to multiply the fission product decay energy by a
factor of 1.2, as required by the Commission criteria, was added to
RELAPA—Eﬁ and requires a non-zero input value for variable KMUL of
the kinetics constant data.

~In the RELAP4-EM computer program, reactor power as a function of
time can be optionally (1) computed as described above, (2) supplied
in tabular form by the user, or (3) obtained from the output tape of

a previous RELAP4-EM calculation. Evaluation Model calculations have



2.2

to date calculated power for the blowdown calculation and used the
output power from the previous blowdown tape for the PWR Hot Channel
Analysis.

TOODEE2, MOXY-EM and RELAP4-FLOOD have as input the power vs
time as calculated by RELAP4<EM or as normalized to ANS +20%, plus the
actinides, using the RELAP4-EM power after the blowdown calcﬁlation.
The normalization procedure allows the calculation to be continued
after the end of a RELAP4~EM calculation.

Fuel~to—Cladding Gap Heat Transfer Model

The fuel-to-cladding gap heat transfer is provided to calculate
initial stored energy and transient heat transfer across the gap.
These two requirements are presented in the Commission criteria in
two places. 1In reference to initial stored energy, the criteria state:

"1. The Initial Stored Energy in the Fuel. The steady-state

temperature distribution and stored energy in the fuel before the
hypothetical accident shall be caleulated for the burn-up that yields
the highest calculated cladding temperature (or, optionally, the
highest calculated stored energy.) To accomplish this, the thermal
conductivity of the 002, shall bevevaluated as a function of the
burn-up and temperature, taking into comsideration differences in
initial density, and the thermal conductance of the gap between the

UOZ and the cladding shall be evaluated as a function of the burn-up,



taking into comsideration fuel demsification and expansion, the
composition and pressure of the gases within the fuel rod, the
initial cold gap dimension with its tolerances, and cladding creep.”
In referencing the swelling and rupture criteria for the cladding,
the criteria state:

"B. SWELLING AND RUPTURE OF THE CLADDING AND FUEL ROD THERMAL

PARAMETERS

Each evaluation model shall include a provision for predicting
eladding swelling and rupture from consideration of the axial
temperature distribution of the cladding and from the difference
in pressure between the inside and outside of the cladding, both
as functions of time. To be acceptable the swelling and rupture
calceulations shall be based on applicable data in such a way that
thq degree of swelling and incidence of rupture are not under-
estimated. The degree of swelling and rupture shall be taken into
account in ealculations of gap conductance, cladding oxidation
and embrittlement, and hydrogen generation.

The caleulations of fuel and cladding temperatures as a function
of time shall use values for gap conductance and other thermal
parameters as functions of temperature and other applicable time-
dependent variables. The gap conductance shall be varied in accordance

with changes in gap dimensions and any other applicable variables."
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The gap model selected is a modification of the Ross—-Stoute
model found in the GAPCON THERMAL—IE/ program. The gap conduction
model accounts for (1) fuel-clad contact conduction heat transfer,
(2) gas conduction, and (3) radiation heat transfer. The composi-
tion of the gap gas is input, and the conductivity is calculated as
a funcition of temparature.

The following simplified GAPCCN model has been incorporated into

the WREM computer program package. The effective gap conductance can

be expressed generally as the sum of three terms:

= + h + h
hg hc gas rad (9
where:

h = effective gap conductance

o
h_ = effective conductance through points of

- contaci of the cladding and fuel
hgas = effective conductance =hrough gas in the gap

rad = effective conductance due to radiation

across the gap.
When the cladding is determined to be in contact with the fuel,
the gap conductance equation is:

-— 3 as (]
hg. h, + Eg;—ﬁ + hrad (10)

Koos = conductivity of gas (BIU/hr-fi-°F)
o

g = combined jump distance {ft)

28 = roughness factor (ft)
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The roughness factor can be calculated by:

R = 0.165 (R, + R ) e 1'27 % 107, (11)
where: |

Pi = fuel-to-cladding interfacial pressure (psi)

Rf = fuel arithmetic mean surface roughness (ft)

Rc = cladding arithmetic mean surface roughness (ft)

Since the roughness factor is a function of the interfacial
pressure Pi which is not available, it must be estimated. For cases
of interest, interfacial contact is not likely to be predicted and
therefofe the contact gap conduction will not be used.

The temperature jump distance is calculated by the user-supplied
gas pressure and by using the code-computed gas mixture viscosity,
temperature, and molecular weight to compute the temperature jump

distance by the equation:

H T
g = 0.1788 (Pgas ) (M%as )0.5 (12)
gas gas
where:
= __ &
ugas gas viscosity ( P ——, )
Pgas = gas pressure (psi)
Tgas = gas temperature (°F)
- . . 8
ngas gas molecular weight (g~mole)
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Gap conductance is predicted by the following equation for an

annular gap (no contact):

k
= — 8
hg g + Ax + hrad (13)
where:
Ax = the thickess of the annular gap (ft)

The radiation heat transfer term (hrad) uses the conventional
temperature to the fourth power relationship. The radiation

gray body view factor used in the calculation is given by:

P - 1 ' (14)
12 1/81 + A1/A2(l/e2 -1
where:
€ = fuel emissivity
€2 = cladding emissivity
Al = area of the fuel
A2 = area of the cladding

The gas conductivity, kg’ of the gap mixture is computed based
on the mocdel used in GAPCON THERMAL-I,Q/ wherein the thermal conductivity,
viscosity, and mean molecular weight of a mixture of helium, oxygen,
krypton, xenon, hydrogen and nitrogen are computed as a function of
temperature and a gser—supplied gas composition. After cladding
rupture is calculé£ed, the gap conductance in the ruptured heat slab
(assumed to be a 3 inch segment as specified by the Commission rule)

is calculated assuming the gap is filled with steam at the gap tempera~

ture and at a pressure equal to that in the associated fluid volume.
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The hot gap dimensions are calculated on the basis of thermal
expansion for both the fuel and cladding. The linear coefficients

of thermal expansion for U0, and zircaloy are calculated in MOXY-EM

2
by:
_ -4 -6 -9 2 _o
e = -1.723 x 10 * + 6.797 x 10 ° T + 2.896 x 10 ° T-, (T=°C) (15)
- -6 o ~o
e, = 3.2 x 10 (T, - T,), T, < 1550°F (I=°F) (16)
€. = 3.2 x 10—6(1550 - Tl), 1550 < T2 5_17756F (T=°F) (17)
-6 -6
e, = 3.2 x 10 (1550 - Tl) + 5.3 x 10 (T2 - 1775),
T2 >1175°F (T=°F) (18)
where:
€ = linear coefficient of thermal expansion (in/in-°F)
T = temperature (units as indicated)

f refers to fuel

c refers to clad

1 refers to initial

2 refers to final
In MOXY the average ¢ for fuel and cladding is obtained by evaluation of
thermal expansion equations at the average temperature defined by the

following equations for fuel and cladding:

v -—it-t i | as
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The clad

AL =

L

where:

avg

rcold
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volume weighted average temperature
: .43

volume of node i (in”)

temperature of node 1

number of nodes in fuel or cladding

linear expansion is evaluaied using:

€ave (Tavg - ¢€8) (20)

average linear coefficient of thermal expansion
based on T (in/in-°F)
avg

linear thermal expansion (in/in)

radius and cladding inside radius are obtained by
AL

rcold a+ L ) (21)

hot radius {(ft)

cold radius (ft)

Cladding Deformation and Rupture Model

One of the requirements of the new Commissicn criteria is the

consideration c¢f clad, swelling and rupture. The Evaluation Model

must consider swelling and rupture of the cladding when they are

calculated to occur, and inside oxidation is to be assumed in at least
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a 3 inch length in the area of rupture after rupture has occurred. The
specific requirements were stated previously and willvbe further stated
in Section 2.5. Because of the difference between the PWR and BWR
transients, the cladding deformation and rupture model will be
discussed separately for MOXY and RELAP4~EM/TOODEE2.

Swelling and Rupture Model for RELAP4-EM and TOODEE2

The basic structure for calculating fuel pin deformation and
rupture was taken from the FRAP§/ program. In particular, the subcode
DEFORM and its associated subprograms are used to calculate all
forms of pin deformation and make decisions on rupture. The sﬁbroutine
GAPPRS from FRAPQI calculates the internmal pin pressure. Subroutines
REFRAP and DEFRAP were written to make the arrays compatible between
RELAP4-EM, TOODEE2 and FRAP and to calculate the required deformed
geometry variable. Several minor differences between the RELAP4-EM
and TOODEE2 swelling and rupture models should be noted. Since
permanent deformation and/or rupture may have occurred prior to the
commencement of the TOODEE2 calculation, a provision was made for
initializing with these prior conditions. The rupture decision in
TOODEE2 is made in a subroutine CLDRUP called from DEFORM; the |

rupture decision in RELAP is made prior to entry into the swelling

and rupture subcodes.
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Cladding Rupture Model

Rupture is predicted to occur from a correlation of AP (coolant
pressure minus pin internal pressure) versus cladding temperature from
various sources, notébly ORNLZ/. This model requires the user to
provide, from the available data, tabular values of rupture temperature
as a function of pressure difference and of percentage blockage of
flow area as a function of pin pressure differences. The clad
surface temperature and the pressure difference between the internal
fuel pin éressure and the pressure in the surrounding fluid are
calculated and monitored during the transient and compared with
tabular rupture data to determine when and if rupture occurs. The
internal pin pressure calculation and the swelling before rupture
are discussed in some detail in later sections.

If rupture is predicted, the following assumptions are used
to calculate the ruptured pin conditionmns:

1. The pin internal pressure is reduced in one time step to that in
the coolant channel adjacent to the failed slab and for the
remainder of the calculation equals the coolant channel pressure.
The gas composition is set equal to steam at the local pressure
in the ruptured axial node or heat slab ét the point of rupture.

2. The amount of blockage is determined from the selected tabular
data of percent blockage as a function of pressure difference.

3. The metal~water reaction is continued on the outside surface

with the oxide layer being thinned in accordance with the
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calculated swelling. The metal-water reaction is assumed not to
be steam limited.

The new rod radius is calculated assuming unrestricted swelling.
Based on the new radius, the new surface area on the inside and
the outside of the cladding is calculated. The length of the
swollen zone is determined by the length of an axial node.
Metal-water reaction is started on the inside of the cladding,
assuming no previous oxidation has occurred.

The new clad radius is calculated but limited to 0,212/ of the
increase predicted by the blockage. This is the limiting value
of the plastic hoop strain before failure (uniform hoop strain),
which is described in Fuel Rod Thermal and Pressure Response

Model.

It is appropriate to discuss the models used in RELAP4-EM and

TOODEE2. RELAP4~-EM must consider two types of fuel pins because

of the hydraulic calculations. One is a single fuel pin which is

used to represent a hot pin in the hot assembly. The second is a

"multiple" fuel pin which represents the average fuel pin in the

remainder of the hot assembly or core. In the TOODEE2 computer code,

only a single fuel pin is modeled. Therefore, RELAP4-EM will

require the user to supply two sets of tables, one for multiple pin

rupture criteria and one for single pin criteria. In addition to

the six assumptions listed above, RELAP4-EM performs the following

calculations for multiple pin rupture:
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7. The friction is increased at the junctions above and below the
swollen zone. The amount the friction is increased is calculated
based on a sudden contraction and expansion. For example, if the
flow is in the normal direction, a friction K factor based om a
sudden contraction from the normal area to the blocked area is
added to the friction terms in the junction immediately below the
swollen zone. Likewise, a K factor based on a sudden expansion
from the blocked area to the normal area is added at the junction
above the swollen zone.

Three options are available for applying the swelling and

rupture data to a RELAP4-EM model, and the user's choice is

specified by the selection of a value for ISLBAJ (card 16XXX5).

These options are used to represent either a single rod, average

rod in an assembly or assemblies, average rod in the average core,

and fuel rod with an associated fluid channel. These options are:

1. TFuel Rod with an Associated Fluid Chanmel ISLBAJ = 0.

This option should be used when a small core region on the order
of 3 inches of a fuel rod and the associated channel are being
modeled. This option corresponds to a test section with a single
rod in a close fitting tube and is not an EM option. The single
rod blockage data should be selected for this option (ISWTAB = 1).

The options selected are:
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a. Internal pin pressure released after rupture,

b. Bloékage calculated,

c. Metal—water reaction continued with oxide thinning,

d. New rod radius calculated,

e. Metal-water reaction started on inside, and

f. Junction friction increased due to blockage.

Single Rod Analysis ISLBAJ = 1

This option should be used when a small core region such as a 3-inch
fuel rod segment is modeled with bounding fluid conditions from a
much larger volume. This option should select the single rod
blockage data (ISWIAB = 1). The options used are:

a. Internal pin pressure reduced after rupture,

b. Blockage calculated,

c. Metal—wéter reaction with oxide thinning,

d. New rod radius calculated, and

e. Metal-water reaction started on the inside.

Average Rod in Hot Assemﬁly or Average Core ISLBAJ = 2

This option should be used to model one assembly or more which
will apply to large core volumes. It should use the multirod
blockage tables ISWTAB = 0. . The options selected are:

a. Internal pressure reduced after rupture,

b. Blockage calculated,

c. Metal-water reaction continued with oxide thinning,
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d. New clad radius calculated but limited to 0.2 of the increase

predicted by blockage table, and

e. Junction friction increased.

In each case, swelling or rupture is tested on a stack of axial
heat slabs and is allowed to occur at only one heat slab of an axial
stack. In modeling the hot assembly, it is sometimes desirable to
have more than one stack of heat slabs (i.e., the hot rod and an
average hot assembly rod) connected to a given coolant volume. However,
the code cannot handle rupture in more than one stack that might affect
one junction, regardless of the value of ISLBAJ. If such multiple
blockage of a junction is predicted, the problem is halted. Rupture
in more than one stack is permitted if they are separated.

The TOODEE2 computer program consi&ers only a single fuel pin
but requires that three tables be entered as input. Tables consist
of: (1) Rupture tables, (2) Multi-pin Blockage tables, and (3)
Single—pin‘Blockage tables in the form of strain tables. If
rupture is predicted to occur, the ruptured pin conditions are calculated
as follows:

1. Internal pressure reduced,

2. Blockage calculated, the multipin blockage data is used for steam
cooling calculaticns only,

3. Metal-water reaction continued with oxide thinning,

4. New rod radius calculated assuming unrestricted swelling,

5. Metal-water reactions started on the inside.
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Fuel Rod Thermal and Pressure Response Model

The Fuel Rod Thermal and Pressure Response Model was adapted from

/

the FRAPé code. The transient response of the rod includes the
following features:
1. The expansion of the fuel material is based on the data of

Conwayli/ without allowance for melting. The curve used for

T in °C is:

4 9

e =-1.723 x 107" + 6.797 x 10°°T + 2.896 x 107 1%. (22)

2. The expansion of the fuel pellet including allowance for
cracking of the material follows the model used in GAPCON-THERMAL-1,
in which free expansion is assumed outside the calculational node of
maximum circumferential thermal expansion of the material.

3. Axial thermal expansion of the fuel pellet stack is calculated
at & contact radius which is provided by the user. Normally this
radius is that of the shoulder at the edge of the dished out
poriion of the ends of pellets.

4. The cladding expansion in both the radial and axial directions
is calculated as the sum of a2 pressure-induced strain predicted
by the thin wall formula plus thermal strain assuming an average
temperature for the cladding. In addition, a plastic hoop
strain is ealculated as described in the next paragraph. The

elastic modulus is obtained from an interpolation and extra-

polation of available data:
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(1.148 x 107 - 5.99 x 10’T) W/n?, T < 750°K (23)
11

txj
i

- 5.02236 x 10°T) N/w®, T > 750°K 24)

1
[]

(1.07981 x 10

The Poisson ratio for the cladding is calculated by:

v =0.32 +5 x 10 °T, (25)

where T is the temperature in °F. The cladding thermal strain
for zircaloy clad when heated from temperature T1 to T2 is

calculated as follows:

- -6 _ o .
e=3.2x10 (T2 Tl), T2_5_1550 F (26)
€= 3.2 x 10 °(1550 - T,), 1550 < T, < 1775°F 27)

e = 3.2 x 10 01550 - ) + 5.3 x 10‘6(T2 - 1775), T, > 775°F (28)

The clad thickness is decreasec by the hoop strain assuming a
constan:t cross sectional area, but is Increesed by the thermal
strain in a first order calculation. The computer coding includes
a check tc Znsure the gap thickness cannct te negative.

The plastic hoep strain of the cladding befcre faiiure is
calculatec from & formulstion using Hardy?s;g dats.

The following steps define the procedurss of the model:
a. From the table of rupture temperature versus pressure

difference provided by the user for the fuel rod,

determine T and AT = T ~-

rupture rupture  clad’ It AT

is negative, rupture is predicted and the steps

described in the cladding rupture modei are taken.
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b. If AT is between 0° and 200°F, the user-provided table
of flow blockage upon rupture is used to calculate the
fractional change in the outer clad radius assuming
rupture at the present pressure difference. Denote
this fractional change by F; then the plastic strain
is calculated as:

€= 0.2 F exp (- 0.0153 AT). (29)
The plastic strain behaves as a ratchet; once a given
plastic strain is reached, no decrease éf this component
is allowed. Upon rupture of the clad, this ratchet is
set to maintain the expanded condition. After rupture,
the pressure strain is not calculated; but the thermal
strain continues as a function of the transient temperature.

At each time step, the thickness of an. oxide layer on the

clad due to metal-water reaction (if any) is reduced

according to any additional swelling of the slab.

The gas pressure inside the fuel rod is calculated using

the ideal gas law from the number of moles of gas (a problem

input value) and transient values of the temperature and

volume in each fuel rod modeled. The volume available to the
gas is determined in each slab from the thickness and average
radius plus the volume of cracks in the fuel. The cold fuel

rod plenum volumes are input by the user. Transient values
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are obtained by adjusting for differential axial expansion
of the cladding and fuel pellet stack. The plenum temperature
used is that of the coolant volume for the top node of the fuel
rod. The gas is assumed to flow freely between the gap and the
plenum, and one pressure is calculated for all nodes in the

axial direction.

After clad rupture, the gas pressure in the rod is set
equal at each time step to the coolant pressure outside

the ruptured node.

Swelling and Rupture Model For MOXY

Because of the difference in the BWR pin design, BWR LOCA

transient, and the difference in code structure for MOXY, the

swelling and rupture is based on a user input rupture temperature.

The rod swelling model is based on the following assumptions:

Rods retain original centers, and fuel and cladding are

‘concentric after swelling.

The swollen rod diameter remains constant after swelling, and

is not position-dependent.

Conduction between reds in contact is negligible.

The maximﬁm rod diameter corresponds to contact between adjacent
rods (60 percent reduction of the free flow area).

A1l rods in a single assembly are assumed o swell and rupture

simultaneously. Rupture occurs at the time the maximum rod
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temperature reaches a rupture temperature defined in the input
data. Swelling begins when the maximum rod temperature reaches
a swelling teﬁperatute, computed by subtracting a user-supplied
value for swelling range from the rupture temperature.
Metal-water reaction on the cladding inside surface begins
at the time of rod rupture, and fuel—to—clédding and cladding-
to-surroundings heat transfer after swelling are based on. the
swollen rod dimensions. Thinning of cladding and of exterior
surface oxide is considered, assuming constant cross—sectional
area of cladding and of oxide.
While the hottest rod temperature is within the swelling temperature
range {(greater than the swelling temperature and less than the rupture |

temperature), the following equation is used to compute the rod radius.

r-r, L
= 0.2 ———= exp [ - 0.0153 (T_ - T)] (30)
r, r., r
i i

where:

r = current rod radius

r, = initial (unswollen) rod radius (in)

re = final (fully swollen) rod radius (in)

Tr = rupture temperature (°R)

T = current peak rod temperature (°R)

When the hottest rod temperature equals or exceeds the rupture

temperature, the rod radius is set equal to Tee
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Material Properties

There are no specific requirements set forth in the Commission
criteria for material properties. The material properties for
zircaloy and UO2 presented have been reviewed by the Regulatory
staff and were used in Evaluation Model computations.

1. TUranium Dioxide Thermal Conductivity
8/

The thermal conductivity of UO2 is taken from the Lyons—

integral equal to 93. The Lyons integral is given by:

5037

gz k(T) 4T = 93 watts/cm (31)
The porosity correction is the simplified MAXWELL—EUKENgllQ/ equation:

. l.025 P

kp/K95 T 0.95 (1 + (1-P)/2) (32)
where:

k = thermal conductivity at the current

P theoretical density

K95 = thermal conductivity at 952 theoretical density

P = fraction of theoretical density

The thermal conductivity of UO2 95 percent density is given in
Table 2.3 from 0° to 5100°F.

2. Uranium Dioxide Heat Capacity

11/

The heat capacity of UO2 is derived from the Brassfield=' data.

The tabular values given by Brassfield are multiplied by the
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Table 2.3

UO2 THERMAL CONDUCTIVITY (95% THEORETICAL DENSITY)

Temperature (°F) Conductivity (BTU/hr-ft-°F)

0 3.341
500 _ 3.341

"~ 650 2.971
800 2.677
950 2.439
1100 2.242
11250 - 2.078
1400 : 1.940
1550 1.823
1700 1.724
1850 1.639
2000 1.568
2150 1.507
2300 1.457
2450 1.415
2600 1.382
3100 . 1.323
3600 1.333
4100 1.406
4600 1.538

5100 1.730
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fraction of theoretical density over 0.95. The tabular volumetric
heat capacities as a function of temperature from 0° to 8000°F
are presented in Table 2.4.
3. Zircaloy Thermal Conductivity
The thermal conductivity of zircaloy is the curve recommended by

Brassfield,ll/

The zircaloy conductivity used is given in Table 2.5.
4. Zircaloy Heat Capacity
The heat capacity of zircaloy is obtained from the curve of

Eldridge and Deem°—3—3—/

In order to account for the effect of the
latent heat of phase change, a large increase in heat capacity
is taken between 1480.3°F and 1787.5°F. The heat capacity for

zivrcaloy used is presented in Table 2.6.

Metal-Water Reaction Rate

The rate of energy release and oxidation produced by cladding
metal-water reactions is specified by the Commission criteria:

""5. Metal-Water Reaction Rate. The rate of energy release,

hydrogen generation, and cladding oxidation from the metal/water
reaction shall be calculated using the Baker-Just equation (Baker,
L., Just, L.C., "Studies of Metal Water Reactions at High Tempera-
tures, III. Experimental and Theoretical Studies of the Zirconium-
Water Reaction,™ ANL-6548, page 7, May 1962). The reaction shall
be assumed not to be steam limited. For rods whose cladding is

caleulated to rupture during the LOCA, the inside of the cladding
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Table 2.4

U0, VOLUMETRIC HEAT CAPACITIES
O ,

Temperature (°F) Volumetric Capacity (BTU/ft3-°F)

32 34.45
122 38.35
212 40.95
392 43.55
752 : 46.80
2012 | 51.35
2732 52.65
3092 56.55
3452 63.05
3812 72.80
4352 89.70
4532 . 94.25
4532 98.15
4892 100.10
5144 101.40

8000 101.40
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_ Table 2.5

ZIRCALOY THERMAL CONDUCTIVITY

Temperature Thermal Conductivity (BTU/hr-£ft—°F)
32 7.812
212 7.992
392 8.208
572 8.784
752 8.540
932 10.404
1112 11.268
1292 12.492
1472 13.17¢6
1652 13.968
1832 14.796
2012 16.128
2192 17.784
2372 19.656
2552 21.780
2732 24.048
3092 28.908

32360 33.1290



Table 2.6

ZIRCALOY VOLUMETRIC HEAT CAPACITY

3

Temperature (°F) Volumetric Heat Capacity (BTU/ft -°F)
0. 28.392
1480.3 : 34.476
1675.0 85.176
1787.5 34.476

3500.0 34.476
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shall also be assumed to react after the rupture. The caleculation
of the reaction rate on the inside of the cladding shall also follow
the Baker-Just equation, starting at the time when the cladding is
calculated to rupture, and extending around the cladding inner
ctrcumference and axtally no less than 1.§ inches each way from the
location of the rupture, with the reaction assumed not to be steam
limited. "

As required by the Commission criteria, energy released by
metal-water rveaction is applied to the outer surface of the
claddingbduring the LOCA analysis. Once cladding rupture has
been predicted, the inside reaction is assumed. If the internal
reaction is to extend to a 3 inch segment, the axial rods or core
heat slab must be modeled in 3 inch segments.

The reaction rate between zircaloy cladding and steam is
assumed to follow the parabolic rate law of Baker and Just as
specified by the criteria. Integration over a time step, At,
and simplification of the parabolic rate law result in the
following expressions for mass of zirconium reacted on the inside

and outside .surfaces of the cladding, MZR and MZRl, respectively:

MZR = ™, . [2RS (DRP1 ~ DRP) -~ AP] (33)
MZRL = L [2Ri (DRP2 - DRPI) + AP1] (34)
where:
DRP1 = depth the reaction has penetrated the cladding

exterior at the end of a time step (in)
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DRP = depth the reaction has penetrated the cladding
exterior at the beginning of a time step (in)

DRP2 = depth the reaction has penetrated the cladding
interior at the end of a time step (in)

DRPI = depth the reaction has penetrated the cladding
interior at the beginning of a time step (in)

1b
= . ; . " m

CH density of zirconium (in3)

Rs = d4nitial rod radius (in)

Ri = inside cladding radius (in)

The quantities AP and APl are:
AP = DRPl2 - DRP2 = 0.123 exp (él%gg) (XMWR) (At)

2 2 41200

AP1 = DRP2” - DRPI” = 0.123 exp (”ﬁft—) (XMWR) (At)
where: | .
T = outside cladding surface temperature at the
reacting metal—-oxide interface (°R)
Ti = inside cladding temperature (°R)
At = time step size (sec)
XMWR = fraction of the parabolic rate (dimensionless)

The metal-water reaction heat flux is given by:

By @R + MzR1)

Yer (Ah) (At)
where:
An = gurface area of a node (inz)

o>
2
]
]

heat of reaction (Btu/lbm)

(35)

(36)

(37)
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In MOXY-EM, the heat of reaction can be computed by any of
the Zour options:

l. A conservative constant value,

2. A slightly conservative temperature~dependent function,

3. A best-estimate temperature-dependent function, and

4. A user-supplied FORTRAN function of temperature.

The constant value is 2800 Btu/lbm; the value that has been used
in all earlier versions bf MOXY. The following equation gives a
slightly conservative temperature-dependent function.

AH = 2912 - 5.85 x 107°T (38)

The best—estimate temperature~dependent function computed from

thermodynamic relationships is given by:

3 C 3,631 x 107972 - 8322 L 5 097 x 107913 (39)

OH, = 2835 - 6.374 x 10~ =
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3.1

RELAP4~EM COMPUTER PROGRAM

The RELAP4-EM program is used to perform system thermal-hydraulic
decompression analyses and detailed fuel rod thermal behavior cal-
culations for both BWRs and PWRs. The RELAP4 computer program is
the basis for RELAP4-EM. Most of the analytical model, input data,
and format of the RELAP43/ program remains unchanged for RELAP4-EM.
Hence, the basic RELAP4 equations and models will not be repeated
in this document. Only the modifications made to the RELAP4 program
and the necessary revised input will be presented; therefore, a
user must rely on both the RELAP4 program documentg/ and this Evaluation
Model supplement in preparing an Evaluation Model analysis.

Primary System Pump Model

The Commission acceptance criteria require that a dynamic model
be considered for primary system pumps. In reference to the pump
model to be used the criteria state:

"6. Pump Modeling. The characteristics of rotating primary

system pumps (axial flow, turbine, or centrifugal) shall be derived
from a dynamic model that includes momentum transfer between the
fluid and the rotating member, with variable pump speed as a
function of time. The pump model resistance used for analysis
should be justified. The pump model for the two-phase region shall

be verified by applicable two-phase pump performance data...."
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In analyzing the available two-phase pump data, it was noted that
when the fluid being pumped had a void fraction between 0.2 and 0.9,
little head was developed by the pump being tested. Outside this range
of void fraction, the pump developed head ranged from zero to undegraded
single-phase performance. The limited available data indicate pump
performance in the void fraction range 0.2 to 0.9 is significantly
degraded from single-phase behavior. To consider the degraded perfor-
mance, a set of dimensionless homologous curves was fitted to the head
data in the fully-degraded void fraction range, and the difference
between the undegraded single-phase and the fully degraded two-phase
head was expressed as a function of the standard pump model arguments
(v/a or afv). To consider the ranges of void fraction where the pump
was able to develop head (0 to 0.2 and 0.9 to 1.0), 4 multiplier® as
a function of void fraction was employed. The multiplier varied from
0 to about 1.0 as the void fraction varied from 0 to 0.2, and the
multiplier varied from about 1.0 to O as the void fraction varied
from 0.9 to 1.0.

Two phase pump data available are limited. Pumps tested consist
mainly of low specific speed and small scales. Table 3.1 presents the
Westinghouse Canada Ltd. (WCL) and Semiscale pump characteristics.

The specific speeds are much smaller than tﬁose for a reactor coolant
system pump. The two-phase model generated has used the WCL and

Semiscale pump test data.

*The two phase multiplier is a multiplier on the degradation curve
where o denotes void fraction and a denotes speed ratio.



Table 3.1

PUMP CHARACTERISTICS

Flow Head Speed Specific
Pump (gpm) (£t) (rpm) Speed
WCL 280 500 3560 550
Semiscale 189 192 3560 926
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The RELAP4-EM pump model is the same as the pump model presented
in the RELAP4 manualg/ except that a motor torque option, pump stop
option, and dimensionless head ratio difference data have been built
into pump curﬁe Set 4 for the two-phase model. These modifications
are described in the follqwing sections.

Pump Model for Two-Phase Flow

Available pump data from the 1-1/2 Loop Model Semiscale and
Westinghouse Canada Ltd. (WCL) experiments were used in developing
the t&o—phase pump data for RELAP4-EM. Assumptions inherent in the
pump model for two-phase flow include:

1. The head multiplier, M(a), that was determined empirically
for the normal operating region of the pump is also valid
as an interpolating factor in all other operating regions.

2. The relationship of the two-phase to the éingle-phase

behavior of the semiscale pump is applicable to large

reactor pumps. This assumption predicates a pump specific

speed independence for the pump model for two-phase flow.

The single-phase pump head (dimensionless) curve for the
semiscale pump is shown in Figure 3.1. The nomenclature is

as follows:



3-5

h=H/H,

v =Q/Q,

a= N/Nr
NORMAL PUMP (+Q,+N)

ENERGY DISSIPATION (-Q,+N)

HAN
HVN

HAD
HVD

HAT
HVT

HAR
HVR

NORMAL TURBINE (-Q,-N)

REVERSE PUMP (+Q,-N)
2

h h

V2 a?

Figure 2.1

R

Single Phase Haad Jurves for 5-7/2 Loop Moed-1 Semiscels Buny



H = head

Q = volumetric flow

N = angular speed

r = subscript denoting rated operating value.

The two—phase pump head curves shown in Figure 3.2 represent
complete pump characteristics for the semiscale pump while operating
under two—phase conditions when the average of the void fractions of
the pump inlet and outlet mixtures is between 0.2 and 0.9. The lines
drawn through the data were determined by least square polynomial fits
to the data using known constraints.

A comparison of the two-phase data of Figure 3.2 with the single-
phase data in Figure 3.1 shows that the dimensionless head ratio
(h/v2 or h/az) is significantly less than the single-phase dimensionless
head ratio for the normal pump operation region (HAN and HVN). For
negative ratios of v/a such as those which occur in the HAD region,
the pump flow becomes negative. When the pump flow is negative, the
two—phase dimensionless head ratio is greater than the single-phase
dimensionless head ratio. Two-phase flow friction losses are generally
greater than single-~phase losses, and friction is controlling in ‘this
energy dissipation region (HAD). The other regions of the two-phase
dimensionless head ratio data show similar deviations from single-phase

data.
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h/cZ OR h/2

-0.5

alv OR via

Figure 3.2 Two-Phase Homologous Head Curves for 1-1/2 Loop MOD-1 Semiscale Pump




Table 3.2 shows the différence between the single-phase and the
two~phaée dimensionless head ratio data as a function of v/a and a/v
for the various pumping regions shown in Figures 3.1 and 3.2. The
differences shown in Table 3.2 are for the eight curve types used
in RELAP4 for determining pump head.

The head multiplier, M({o), and void fraction, a, data-shOWn in
Table 3.3 were obtained in the following manner. The semiscale and

30/

WCL pump data— 2

were converted to dimensionless head ratios of h/a
or h/vz. Values of the dimensionless head ratios were obtained for
those pump speeds and volumetric flow rates which were within 50% of
the rated speed and flow rate for the pumps. The difference between
the single—phase and two-phase dimensionless ratios was developed as
a function of the average of the void fractions of the pump inlet and
outlet mixtures. The difference between the single-phase dimensionless
ratios was then normalized between 0 and 1.0 and the normalized result
was tabulated as a function of the void fraction.

The two~phase pump model in RELAP4-EM calculates the pump head

as follows:

H = H; - M(w) (Hl - Hz) (40)

where:

=
~
QL
S’
it

a multiplier which is a function of void fraction (a)

_,h, _ h 2 h, _ h 2 |
iy =y = ol -l ) i g er 6l - Vi gy
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Table 3.2

SEMISCALE DIMENSIONLESS HEAD RATIO DIFFERENCE

(SINGLE-PHASE MINUS TWO-PHASE) DATA

z v/a or a/v

"
i

gef=B) [ o /-2) _[_n
a2 1 a2 2 V2 1 V2 2
Curve Type X y Curve Type p: y

1 (HAN) 0.00 0.00 4 (HVD) -1.00 -1.16
0.10 0.83 -0.90 - -D.78
-0.80 -0.50
0.20 1.09 -0.70 -0.31
-0.60 -0.17
0.50 1.02 -0.50 -0.17
-0.35 0.00
.70 1.01 -0.20 0.05
0.90 0.94 0.00 0.11
1.00 1.00 5 (HAT) 0.00 0.00
- 0.20 -0.34
2 (HVN) 0.00 0.00 6 (HVT) 0.40 -0.65
0.60 -0.93
0.10 0.80 -1.19
1.00 ~-1.47
0.20 0.00 6 (HVT) 0.00 0.11
0.30 0.10 0.10 0.13
0.25 0.15
0.40 0.21 0.40 0.13
0.50 0.07
0.80 0.67 0.60 -0.04
0.70 -0.23
0.90 0.80 0.80 -0.51
0.90 -0.91
1.00 1.00 1.00 -1.47
3 (HAD) -1.00 -1.06 7 (HAR) -1.00 0.00
0.90 -1.24 . 0.00 0.00
-0.80 -1.77 8 (HVR) ~1.00 0.00
-0.70 ~-2.36 0.00 0.00

-0.860 -2.79

-0.50 -2.91

-0.40 -2.67

-0.25 -1.69

-0.10 -0.50

0.00 0.00
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HR = rated head
subscript 1 refers to single-phase head

subscript 2 refers to two-phase head.

The capability to calculate torque in a manner similar to the head
relationships is available in RELAP4-EM.

The semiscale dimensionless head ratio difference data shown in
Table 3.2 are built into the head portion of pump curve Set 4 in
RELAP4*EM. A table of zeros is buillt into the torque portion of
curve Set 4. Any of the data built into curve Set 4 may be over-
ridden by input of other data.

To implement the two—phase model, the user must input to RELAP4-EM
a table of multiplier, M(a), versus void fraction, o, of the type
shown in Table 3.3 for head and torque. To date, zeros have been
input for the torque multiplier because the torque portion of the
two-phase pump model has not been approved for inclusion in RELAPA4-EM.

Pump Motor Torque Model

The RELAP4-EM pump model has been modified to include the
influence of the electric drive motor on the speed behavior of the
pump while the motor remains connected to its power source. The
effect of the motor is incorporated into the pump model by adding
the value of motor torque to the angular momentum balance given by

the following equation:
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Table 3.3

HEAD MULTIPLIER AND VOID FRACTION DATA

o M(a)
0.00 0.00
.10 0.00
0.15 0.05
0.24 0.80
0.30 0.96
0.40 0.98
0.60 D.97
0.80 0.90
0.90 0.80
0.96 0.50
1.00 0.00
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dw ?
I = T,
dt 4=1 1 (42)
where:
I = moment of inertia of pump rotor and motor
dw

qt rate of change of angular velocity

3
Il

torque

Prior to this modification, the components of the summation of
torques consisted of the hydraulic torque, Th’ and the frictional
torque, Tfr' With the inclusion of motor torque, Tm’ the summation

becomes:

L T, =T - T 4T (43)

where the sign of the motor torque is in opposition to the hydraulic
and frictional torque at normél operating conditions.

The motors used to drive primary coolant pumps are induction-type
machines. At constant voltage, the motor torque is an explicit
function of speed. This torque-speed relationship is normally
available from the motor manufacturer.

Motor torque is supplied to the RELAP4-EM model as a tabular
function of torque vs speed as defined by manufacturer's data. For
illustration, a typical torque-speed curve for an induction motor

is shown in Figure 3.3.



PERCENT RATED TORQUE (26,500 LB-FT)
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Pump Locked Rotor

The capability to simulate a locked rotor of the pump was included
in the RELAP4-EM computer program. This option provides for simulatiﬁg
the locking of the pump rotor as a function of input elapsed time,
maximum forward.speed, or maximum reverse speed. At the time the
rotor locks and at all times thereafter, the pump speed is set equal
to zero. This option is called by inserting the Pump Stop Data Cards
(093XX1) into the input deck as described in RELAP4~EM Input Data
Description.

Discharge Model

The critical flow model in the two-phase region required by the
Commission criteriaz is the Moody critical flow model. With respect
to a discharge model the criteria state:

"b. Discharge Model. For all times after the discharging fluid

has been calculated to be two-phase in composition, the discharge
rate shall be calculated by use of the Moody model (F. J. Moody,
"Maximum Flow Rate of a Single Component, Two-Phase Mixture,"

Journal of Heat Transfer, Trans American Society of Mechanical

Engineers, 87, No. L, February 1965). The calculation shall be
conducted with at least three values of a discharge coefficient
applied to the break area, these values spanning the range from
0.6 to 1.0. If the results indicate that the maximum clad

temperature for the hypothetical accident is to be found at
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an even lower value of the discharge coefficient, the range of
~discharge coefficients shall be extended until the maximum clad
temperature calculated by this variation has been achieved.”

The criteria require the Moody discharge model for the two-phase
region. In the subcooled region, the criteria do not specify the
discharge model to be used in constructing an Evaluation Model dis-
charge model. The Henry-Fauske model and the Moody model were used
for the subcooled and two phase regions, respectively.

The Moody critical flow model is an available option in RELAP4.
However, changes in the subcooled critical flow model were made so
that there would be a smooth transition between the subcooled and
saturated regimes. In the subcooled region, the RELAP4-EM model uses
the minimum of the flow calculated by the momentum equation (unchoked
condition) or the HenryfFauske model (choked condition). At saturation,
the Moody model is used for the choked condition. The Henry-Fauske
subcooled model gives slightly higher flow rates at the saturation
point than the Moody model. However, in the code, they are forced
to be equal as shown in Figure 3.4.

Critical flow at internal junctions is calculated in the same

. manner as it is calculated at the simulated break location. The flow
is calculated using both the momentum equation and the tabulated
critical flow values and the minimum of the two is used. If the
tabulated critical flow rates are the minimum, the flow is considered

to be choked.
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Figure 3.4 Critical Flow Model
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In practice, several RELAP4 options for critical flow have been
kept in RELAP4~EM for sensitivity studies and comparison purposes. The
correct RELAP4-EM option must be selected by the user and is obtained
by setting JCHOKE (word 12) equal to zero and ICHOKE (word 17) equal to
eleven on card 08XXXY, as given in the RELAP4~EM input data descriptiom.

The critical flow option and the momentum equation are selected by
three input variables. The selection of these variables is discussed

in the Conservation of Momentum Equation section.

Critical Heat Flux

Steady-state and transient critical heat flux correlations are
acceptable as specified by the Commission acceptance criteria:

"4, Critical Heat Flux. a. Correlations developed from

appropriate steady-state and transient-state experimental data are
acceptable for use in predicting the critical heat flux (CHF) during
LOCA transients. The computer programs in which these correlations
ore used shall contain suitable checks to assure that the physical
parameters are within the range of parameters specified for use of
the correlations by theilr respective authors.

b. Steady-state CHF correlations acceptable for use in LOCA
transtents include, but are not limited to, the following:

(1) W-3. L. S. Tong, "Prediction of Departure from Nucleate
Boiling for an Axially Non-uniform Heat Flux Distribution,”

Journal of Nuclear Fnergy, Vol. 21, 241-248, 1967.
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(2) B&W-2. J. S. Gellerstedt, R. A. Lee, W. J. Oberjohn,
R. H. Wilson, L. J. Stanek, "Correlation of Critical Heat Flux

in a Bundle Cooled by Pressurized Water," Two-Phase Flow and

Heat Transfer in Rod Bundles, ASME, New York, 1969.

(3) Hench-Levy. J. M. Healzer, J. E. Hench, E. Janssen, S. Levy,
"Design Basis for Critical Heat Flux Condition in Boiling Water
Reactors," APED-5186, GE Company Private report, July 1966.

(4) Macbeth. R. V. Macbeth, "An Appraisal of Forced Convection

Burnout Data," Proceedings of the Institute of Mechanical Engineers

1965-1966.

(5) Barnett. P. G. Barnett, "A Correlation of Burmout Data for
Uniformly Heated Annuli and Its Uses for Predicting Burmout in
Uniformly Heated Rod Bundles," AEEW-R 463, 1966.

(6) Hughes. E. D. Hughes, "A Correlation of Rod Bundle Critical
Heat Flux for Water in the Pressure Range 150 to 725 psia,'" IN-1412,
Idaho Nuclear Corporation, July 1970.

e. Correlations of appropriate transient CHF data may be accepted
for use in LOCA transient analyses if comparisons between the data and
the correlations are provided to demonstrate that the correlations
predict values of CHF which allow for uncertainty in the experimental

data throughout the range of parameters for which the correlations are
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to be used. Where appropriate, the comparisons shall use statistical
uncertainty analysis of the data to demonstrate the conservatism of
the transient correlation.

d. Transient CHF correlations acceptable for use in LOCA transients
inelude, but are not limited to, the following:

(1) GE transient CHF. B. C. Slifer, J. E. Hench, "Loss-of-Coolant

Accident and Emergency Core Cooling Models for General Electric Boiling
Water Reactors," NEDO-10329, General Electric Company, Equation C-32,
April 1971.

e. After CHF is first predicted at an axtal fuel rod location
during blowdown, the calculation shall not use nucleate boiling
heat transfer correlations at that location subsequently during
the blowdowm even if the caleulated local fluid and surface conditions
would apparently justify the reestablishment of nucleate boiling.

Heat transfer assumptions characteristic of return to nucleate
boiling (rewetting) shall be permitted when justified by the cal-
culated local fluid and surface conditions during the reflood
portion of a LOCA."

Logic for selecting the CHF correlation in RELAP4-EM uses pressure
and mass flow rates as a basis for choosing the appropriate correlation.
Under some circumstances, a correlation may de used outside the original
range of some of the experimental parameters used in developing the

correlation. For example, correlations are lacking for two-phase entrance
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conditions over the full range of pressures and mass flow rates expected
in a LOCA, and thus.extension of the correlations beyond the range of
the data from which they were developed is necessary. The CHF corre—
lations selection logic is based upon extensive comparison by ANC of
existing CHF correlations with available data. The correlation scheme
used gives the best approximation of existing data and is used in PWR
analysis. The ANC analyses provided the basis for extending the range
of the correlations.

The choice of a correlation for predicting the critical heat flux
depends on the pressure and mass flow. The critical heat flux check
is made for both noncore and core heat conductor slabs. Thé Babcock
& Wilcox Company B&W—-2, Barnett, and Modified Barnett correlations

are used as follows:

P > 1500 B&W-~2
1500 > P > 1300 Interpolation between B&W-2 and Barnett
1300 > P > 1000 Barnett
1000 > P > 725 Interpolation between Barnett and

Modified Barnett
725 > P Modified Barnett
A minimum critical heat flux value of 90,000 Btu/ftz—hr is. set and
used if the predicted value falls below this number.
For a mass flux, G, less than 200,000 1bm/ft2—hr, the critical

heat flux is interpolated between 90,000 Btu/ft2~hr and the value given
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by the chosen correlation where the 20,000 Btu/ftzvhr corresponds to
G=0 lbm/ft2~hr and the latter corresponds to ithe value of CHF at
6=200,000 16 /£t ~hr.

The inlet enthalpy used in the critical heat flux correlations is

dependent on the flow direction and is determined in the following manner:

Flow at Normal Inlet Flow at Normal Outlet Hin
>0 >0 H at normal inlet
<0 <0 H at normal outlet
All other cases H at core volume

Critical heat flux correlations used in the RELAP4-EM PWR analysis
have been discussed above. The correlations and the conditions under

which they were obtained are given below:

1. Babcock & Wilcox Company, B&szlé/
De

1.15509 - 0.40703 (IED

G 0.3702 x 10°)(0.591376")® - 0.15208 b G”
A

(12.71) (3.0545G") C4h)
where: A = 0.71186 + (2.0729 x 10°%) (P~2000)
and: B = 0.834 + (6.8479 x 10"4) (P-2000)

¢ = 6/10°

hfg = phase change enthalpy, Btu/lb

Water in rod bundles

Equivalent diameter De: 0.2 to 0.5 in.
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Length: 72 in.
Pressure (P): 2000 to 2400 psia
Mass Elux (€): 0.75 x 10° to 4.0 x 10° 1p_/£t” hr.

Burnout quality: 0.03 to 0.20

2. Barnettlé/
A+ B(th, - h, )
_ b f in
Aogp = 10 [ C+ 1L J (45)
where: A = 67.45 Dgé68 6-0-192 1.0 - 0.774e (8312 DiyGTy (4
B = 0.2587 D§é26l ¢-0-817 (47)
C = 185.0 n§§415 g-0-212 (48)
DHE = four times flow area divided by heated perimeter
D..= (D (D_+D )]'1/2—0
HY r r HE r

Dr = rod diameter, in.

For a rectangular conductor geometry, D, . is set equal to the

HE
input values for the right side hydraulic diameter for the

conductor.
Water in annulus: applied to rod bundle using "equivalent' diameter

Equivalent diameters: 0.258 in. < DHE < 3.792 in. (49)

0.127 in. < DHY < 8.875 in. (50)
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Length: 24 to 108 in.

Pressure: 1000 psia

Mass Flux: 0.14 x 106 to 6.20 x 106 1bm/ftzvhro
Iniet Subcooling: 0 to 412 Btu/lbm
3. Modified Barnettél/
A+ B(h, - h. )
_ nb { £ in
Qoyp = 107 | C+ L J 1)
. L.
where:
A = 73,77 p0:-052 -0.663 E“O - 0,315 ("11-34 D GE\ 888.6 (5,
HE hf
g
B = 0.104 pi:4*> ¢-0-69L (53)
HE
C = 45.55 Dgﬁ.{osn -0-5866 (56)

Water in rod bundles

Rod diameter: 0.395 to 0.543 in.

Length: 32.9 to 174.8 ia.

Pressures 150 to 725 psia

Mass Flux: 0.03 x 106 to 1.7 x 106 lbm/ftz*hre

“nlet Subcooling: 6 to 373 B’cu/lbm

The analysis of boiling water reactors (BWRs) uses the General
Electric Company transient CHF correlationlé/ as specified by the
Commission acceptance criteria. This correlation was incorporated

into the code as an optional replacement for the Barnett correlation
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for BWR analysis. This option is exercised by using a negative value
for the channel length in word 5 on Core Section Data Cards 16XXX0 as
described in the Input Data Description. The correlation that was

added to RELAP4-EM is:

dogr = lO6 (0.8-x) for G > 0.5 x 106 lbm/ftz—hr (55)
= 10% (0.84-x) for 6 < 0.5 x 10% 1b_/ft%hr (56)
deur . . m
but: depr > 90,000 regardless

where: x = quality

G mass flux

The above CHF correlation was used for all BWR LOCA analyses performed

using RELAP4-EM.

Heat Transfer Correlations

The RELAP4-EM heat transfer correlation selection logic is based
on the Commission acceptance criteria. Appropriate heat transfer
correlations are specified in the criteria which state:

“5. Post-CHF Heat Transfer Correlations. a. Correlations of

heat transfer from the fuel cladding to the surrounding fluid in

the post~CHF regimes of transition and film boiling shall.be compared
to applicable steady-state and transient-state data using statistical
correlation and uncertainty analyses. Such comparison shall demonstrate
that the correlations predict values of heat transfer coefficient equal

to or less than the mean value of the applicable experimental heat
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transfer data throughout the range of parameters for which the
correlations are to be used. The comparisons shall quantify the
relation of the correlations to the statistical uncertainty of
the apélicable data.

b. The Groeneveld flow film boiling correlation (equation‘S.P
of D. C. Groeneveld, "An Investigation of Heat Transfer in the
Liquid Deficient Regime,'" AECL-3281l, revised December 1969), the
Dougall-Rohsenow flow film boiling correlation (R. S. Dougall and
W. M. Rohsenow, "Film Boiling on the Inside of Vertical Tubes with
Upward Flow of the Fluid at Low Qualities," MIT Report Number 9079-26,
Cambridge, Massachusetts, September 1963), and the Westinghouse
correlation of steady-state transition boiling '("Proprietary Redirect/
Rebuttal Testimony of Westinghouse Electric Corporation," U.S.A.E.C.
Docket RM-50-1, page 25-1, October 26, 1972) are acceptable for use in
the poast-CHF (SIC) boiling regimes. In addition the transition
boiling correlation of M&Donough, Milich and King (J. B. McDonough,
W. Milich, E. C. King, "Partial Film Boiling with Water at 2000 psig
in a Round Vertical Tube," MSA Research Corp. Technical Report 62
(NP-6976), (1958) is suitable for use between nucelate (SIC) and
film boiling. Use of all these correlations shall be restricted
as follows:

(1) The Groeneveld correlation shall not be used in the region

near its low-pressure singularity,
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(2) the first term (nucleate) of the Westinghouse correlation and
the entire McDonough, Milich, and King correlation shall not be used
during the blowdown after the temperature difference between the
elad and the saturated fluid first exceeds 300°F,

(3) transition boiling heat transfer shall not be reapplied for
the remainder of the LOCA blowdown, even if the clad superheat
returns below 300°F, except for the reflood portion of the LOCA
when gustified by the calculated local fluid and surface conditions.'

The heat transfer regimes which the core will experience during
a typical LOCA are illustrated in Figure 3.5. Heat transfef mode
numbers 1-9 are assigned to the various regimes and subregimes to
identify the proper correlations to be used. Table 3.4 identifies
these modes and lists the correlations as they are used in RELAP4-EM.

Reference to Figure 3.5 Regime A-B (subcooled forced convection,
labeled mode 1 in RELAP4--EM) is characterized by the coolant bulk
temperature less than satpration temperature and the surface temper-
ature low enough that boiling does not occur. If the surface temper-
ature is less than saturation temperature, no boiling is possible and
tﬁe Dittus—-Boelter subcooled forced convection correlation is used
in RELAP4-~EM. Point B of Figure 3.5 shows the beginning of the nucleate

- boiling regime; here the coolant may still be subcooled but the surface
temperature is high enough that sdme boiling occurs. Thus, if the

surface temperature is greater than saturation temperature, it is
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possible to be on either side of Point B. For this condition, both
_the Dittus—Boelter correlation and the Thom correlation are evaluated
and the surface temperatures calculated. The correlation resulting

in the lower surface temperature is selected and the proper mode number
assigned.

Region B-C of Figure 3.5 is defined by two modes: nucleate boiling,
mode 2, and forced cénvection vaporization, mode 3. If the void frac-
tion is less than .80, the Thom nucleate boiling correlation is selécted.
For a void fraction above .90, the Schrock-Grossman forced convection
vaporization correlation is used. For void fractions between .80 and
.90, an interpolation between the two correlations is used in order to

avoid a discontinuity between the nucleate boiling and forced convection

vaporization regimes. The Schrock-Grossman correlation is applied
until the quality reaches 95%Z. Above 100% quality, the Dittus-Boelter
correlation for single phase forced convection to superheated steam
(mode 8) is used. Betweer 95 and 100 percent quality, an interpolation
technique based on quality is made to smooth the transition from forced
convection vaporization (mode 3) to forced convection to superheated
steam (mode 8).

The critical heat flux (Point C of Figure 3.5) is evaluated at each
core heat slab location for each time step. If the heat flux, calculated

by one of the above correlations, exceeds the calculated critical heat
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TABLE 3.4

HEAT TRANSFER CORRELATIONS IN RELAP4<EM

Mode 1. Subcooled Liquid Forced Convection; Dittus - Boelterlzj
h = .023 & pr0-4 ge0-8 (57)
e
- 18/
Mede 2. Nucleate Boiling; Thom—
AT exp (P/1260) 2
no_ sat (58)
{ .072
-~ 19/
Mode 3. Forced Convection Vaporization:; Schrock — Grossman—
ke 0.4 0.8
h = (2.5) (.023) o Prf {%ef (l—Xgl (59)
e
g 0-9 0.1 o 0.5 0.75
G= > ) (60)
1-X
Ke Pg
Mode 4. Transition Boiling; McDonough, Milich, and Kinggg/
no_ _n _ _ ’
q Cogp - C®) (T, TW,CHF) (61)
Press, psi c{P)
2000 979.2
1200 1180.8
800 1501.2
Mode 5. Stable Film Boiling - Groeneveld 5.721/
k o) . 688
=052 B Pr 28 fre x4 B (-x) (62)
e ¥ 8 pf

p -1.06
[1,0 - 0.1 (1—5{)0"’(}—)£ - 1)0"‘] (63)
: g
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Mode 7.

Mode 8.

Mode 9.
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TABLE 3.4

HEAT TRANSFER CORRELATIONS IN RELAP4-EM (Cont‘d)

Pool Film Boiling; Berensongg/
"o 0.75
q" = F(P) (ATsat) (64)
Press, psi F(P)
i5 128
100 236
500 412
1000 510
1500 615
2000 705
Transition Pool Boiling
AT
u min 1.504
4" = 20000 o (AT, /20) (65)
sat min
' . ~120,000 4/3
where: ATmin {~§(Fy;] (66)

Superheated Vapor Forced Convection; Dittus - Boelterll/

h = .023 %~ Pro'4 Reo°8

e

67)

23/

Low Pressure Flow Film Boiling; Dougall -~ Rohsenow——

k 0.4 o 0.8
h = .023 & pr V" Re |X + —& (1=X) (68)
b, 8 8 Pe



flux, the correlations for the tramsition regime (region C-D, of
Figure 3.5, mode 4) and the stazble film boiling regime (region D-E,
mode 3) are evaluated.

The McDonough, Milich, and King corralaition is used for the
transition regime (moée 4) and eilrher tha Dougall-Rohsznow or the
Groezeveld 5.7 may be specified for the stable film boiling regime
{modez 5). Both the Dougall-Rohsenow and the Groeneveld 5.7 correlations
are accepted by the criteria. Neither the Dougall-Rohsenow correlation
nor the Groeneveid correlation is valid below 10%Z quality. Both correla-
tions underpredict experimenial data at low qualities. The data in
this range iadicate a tendency to rewet the surface with resulting
heat transfer coefficients which are much higher than true film boiling.
A reasonable lower limit to the heat transfer coefiicient was provided
by computing heat transfer coefficients using a 10% quality value in
the correlations for all calculated qualities of 107 or less. The
Dougall-Rohsenow correlation is always called if the pressure is less
thar. 500 psi. In order to determine whether the transition or stable
film boiling regime exists, the higher value of heat flux calculated
from the correlations for modes &4 and 5 is used to identify the proper
post CHF regime.

The Commission criteria disallow the return to nucleate boiling

once the critical heat flux has been exceeded. To signal that CHF
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has been calculated and the return to nucleate boiling is being pre-
cluded, a value of 10 is added to the heat transfer mode designator
on the RELAP4-EM listings and plots.

'In situations where the Thom correlation predicts heat fluxes less
than the critical heat flux, indicating a return to nucleate boiling,
both the Thom correlation and the McDonough, Milich, and King correla-
tibn are evaluated, and the smaller predicted heat flux is used.

When the coolant reaches 100% quality (Point E of Figure 3.5, mode 8),
forced convection to superheated steam is initiated and the heat transfer
coefficients are evaluated using the Dittus-Boelter correlatiom.

A discontinuity exists at the quality of 1.0 between the Groeneveld
correlation and the Dittus-Boelter steam convection correlation. The
Dougall—~Rohsenow correlation is not discontinuous as this relationship
becomes the Dittus-Boelter relationship at a quality of 1.0. To smooth
the transition between regimes, an interpolation on quality is made over
the rénge of .95 to 1.0 between the Groeneveld heat transfer correlation
and the Dougall-Rohsenow correlation.

The criteria disallow the return to transition boiling (mode 4) if
the cladding superheat exceeds 300°F. If the wall superheat drops below
300°F, the stable film boiling regime is assumed to continue. When the
return to transition boiling is precluded, a value of 20 is added to the
heat transfer mode printout and plot values to signal this occurrence.

I1f the mass flow drops below 0.2 x 106 lbm/hr—ftz, pool film boiling

is assumed (mode 6) and the Berenson correlation is applied. If the
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heat flux predicted by the Berenson correlation is less than 20,000
Btu/hr~ft2, then the correlation for transition pool boiling (mode 7)
is used. For this regime, if the predicted wall superheat is less than
20°F, a heat flux of 90,000 Btu/hr-ft2 is assigned.
ECC Bypass

The Commission acceptance criteria require that the Evaluation
Model perform calculations to determine the end-of-bypass (EOB).
The AEC model uses the conservative assumption that once downflow is
established in the downcomer after ECC injection is started, ECC
bypass will not occur further. However, the model will accept user
input values of upflow velocity as an EOB criterion. If they are
used, the user must provide justification. After the end-of-bypass
has occurred, the injected ECC water is subtracted from the vessel
inventory. The specific criteria concerning the end-of~blowdown,
end-of-bypass, and subtraction of ECC water state:

"e. End of Blowdown. (Applies only to Pressurized Water Reactors.)

For postulated cold leg breaks, all emergency cooling water injected
into the inlet lines or the reactor vessel during the bypass“period
shall in the calculations be subtracted from the reactor vessel cal-
culated inventory. This may be executed in the caleulation during
the bypass period, or as an alternative the amount of emergency

core cooling water caleulated to be injected during the bypass
period may be subtracted later in the calculation from the water

remaining in the inlet lines, downcomer, and reactor vessel lower
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plenum after the bypass period. This bypassing shall end in the
caloulation at a time designated as the "end of bypass," after which

the expulsion or entraiment mechanisms responsible for the bypassing

are calculated not to be effective. The end of bypass definition used
in the calculation shall be justified by a suitable combination of
analysis and experimental data. Acceptable methods for defining "end

of bypass'" include, but are not limited to, the following: (1)
Prediction of the blowdown caleculation of downward flow in the downcomer
for the remainder of the blowdown period; (2) Prediction of a threshold
for droplet entrainment in the upward velocity, using local fluid con-
ditions and a comservative critical Weber number."

The RELAP4 Evaluation Model contains the following model for
computing ECC bypass. The check for end-of-bypass is initiated by user
input trip identifications to the RELAP4-EM program. These trips are
normally the trips initiating flow from the unbroken loop accumulators.
This trip check serves two purposes: (1) end-of-bypass check will not
be computed at input initial steady-state conditions, and (2) end-of~
bypass check will not be tested until the bypass period has begun. At
the time the trip is calculated to occur, the initial mass in the
user specified volumes (accumulator volumes) is calculated and stored.
After this time, the entrainment mechanisms that produce eqd—of—bypass
are tested.

The end-of-bypass entrainment mechanism tested is a computed velocity

in a user specified volume (a downcomer volume). This velocity is computed
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based on the volume avérage mass flow rate, as described in the RELAP4
manual, divided by the volume-density area product. This calculated
yelocity is then compared with a user inout end-of-bypass velocity and
when the calculated velocity is greater than the input velocity, the
time of end-of-bypass is established. To compute a proper volume
velocity, a downcomer volume having a single inlet and outlet

should be modeled and selected for this test. This model assumes the
normal downward flow direction in the downcomer region as the positive
flow direction, and input to RELAP4~EM must be consistent with this
assumption. The input end-of-bypass velocity will normally be either
zero (presently used by AEC-Regulatory) or an upward (negative)
velocity, (which must be justified by the user). A calculated velocity
greater than this value {in the algebraic sense) will be either a
smaller upward velocity or a downward velocity. A typical PWR
dowvncomer model for end-of-bypass is shown in Figure 3.56.

At the time of end-of~bypnass, the mass of water remaining in the
specified volumes {unbroken loop accumulsztors) is determined. This mass
is then subtracted frcm the initial mass in the accumulator voluﬁes,
and the difference is the ECC mass lost according to the criteria. This
difference or mass logss is then subtracted frcm the caléulated mass in
the reactor vessel lower plenum, downcomer regions and inlet line regions.
The subtraction is made by progressively subtracting the mass loss dif-

ference from the specified regions in the order given by additionzl user
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input. If the liquid mass in a region is greater than the difference to
be subtracted, the liquid mass in that region is reduced By the difference,
and conditions for a saturated two-phase mixture with the remaining liquid
mass at the existing calculated pressure are determined for that volume.
If the liquid mass in a region is less than the difference to be sub-
tracted, the liquid mass for the region is set to zero and the region is
assumed to contain only saturated steam at the existing pressure. The
mass loss difference is then reduced by the liquid mass removed, and

the next region in the order of user inpui is tested. The mass removal

is complete when the entire mass loss difference has been subtracted

from the system or all the specified volumes contain only saturated

steam. For large PWR inlet line breaks, the saturated steam conditions
will asually be calculated for all the volumes.

These assumptions impose a severe condition on the system when they
are implemented instantaneously, as the calculated mass flows are based
on volume fluid densities which may be either liquid or two-phase. When
these flows are instantaneously imposed on volumes with significantly
reduced densities, the inconsistencies of flow, pressure distribution,
and densities can create calculational instabilities. To make the
conditions more representative, calculated flows from a volume at the
endvcf—bypass are modified by the ratio cf volume densities after end-of-
bypass to before end-cf-bypass. Thus, velumetric flows are conserved

while mass flows and densities are discortinuous.
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After the end-of-bypass has been calculated, the RELAP4-EM calcula-
tion is continued with revised volume conditions. The arbitrary reduc-
tion of mass in a RELAP4-EM calculation can produce some effécts which
cause up flow in the downcomer region. This condition is produced by
the injection of cold ECC liquid into cold leg volumes which at the
end-of-bypass contain only saturated steam and leads to significant
local depressurization. This rapid decompression causes calculated
flow toward this point in the system. Thus, when end-of-bypass has
been calculated by a downward flow in a downcomer region, the artificial
assumptions for end-of-bypass mass loss can cause a flow reversal and
subsequent upward flow in the downcomer. This condition is recognized
as an artificial result of the ECC bypass assumptions, and subsequent
further mass loss because of these effects is not considéred by
RELAP4—~EM,

Core Flow Smoothing

Rapid oscillations with periods less than 0.1 seconds should be
smoothed by an analytical technique as required by the Commission
acceptance criteria. Requirements of the criteria are stated by:

"7. Core Flow Distribution During Blowdown. (Applies only to

pressurized water reactors.)
a. The flow rate through the hot region of the core
during blowdown shall be calculated as a function of time. For

the purpose of these calculations, the hot region chosen shall not
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be greater than the size of one fuel assembly. Caleulations of average
flow and flow in the hot region shall take into account cross flow
between regions and any flow blockage calculated to oceur during blow-
down as a result of cladding swelling or rupture. The calculated flow
shall be smoothed to eliminate any caleulated rapid oscillations
(period less than 0.1 seconds).

b. A method shall be specified for determining the enthalpy
to be used as inmput data to the hot channel heatup analysis from
quantities calculated in the blowdown analysis, consistent with the
fiow distribution calzulations.™
An extension has been made o ths separate core calculation options in
RELAP4-EM to allow smoothing oscillatory flows. A tape previously
created by RELAP4 while performing the full primary system calculation
is used as a data base. Vclume conditicns to be smoothed and reactor
normalized power may be reirieved in the same way as without the flow
smoothing option. To retrieve & juncition flow, rescale the flow, and
smocina the oscillations, the following changes are made.

To perform the flow smoothing calculation, a coavolution integral
may be performed for a junction for each time step using an input
smocthing function and a junction flow retrieved from the tape of the
refaerence calculation. The fcllowing equations define the convolution
integrals performed during a separate core calculation using the flow

smosthing opileon:
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wp, (o)
FLOFACi = m (69)
J
Tmax
WFINT = fo WFUN(T) dt (70)
FLOFACi T nax
WPi(t) = W fo WPj(t—T) WFUN(t) d=x (71)
where:
.WPj = flow in Junction j of the reference calculation
WPi = smoothed flow in Junction i of the separate core calculation
WFUN = smoothing function
FLOFAC = flow rescaling factor
WFINT = smoothing function normalization factor

Figure 3.7 is a diagram of the smoothing process. An original and
oscillatory flow is operated upon by a filter moving with time. A
smoothed flow results.

The flow in junction i will be the smoothed flow of junction j
of the reference calculation by setting the valve index (IVALVE) of
junction i equal to ~j (Section 3.9.3, item 14). The smoothing
functionn is input on cards 080001 through 080009 in pairs of entries
of T and £(t). Up to 20 pairs of entries are allowed in the smoothing
function table. The table must be input if any valve index (IVALVE)
of the separate core calculation is negative and must not be input
if no valve index is negative. Up to 10 junction flows may be defined

using flow smoothing.
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3.7 Momentum Equation

The conservation of momentum equation to be used by the Evaluation
Model computer programs should account for certain effects as specified
by the acceptance criteria. The effects to be accounted for are given'
in the folloﬁing paragraph from the Commission acceptance criteria:

"3. Momentum Equation. The following effects shall be taken

into account in the comservation of momentum equation: (1) temporal
change of momentum, (2) momentum convection, (3) area change momentum
flux, (4) momentum change due to compressibility, (5) pressure loss
resuZt{ng from wall friction, (6) pressure loss resulting from area
change, and (7) gravitational acceleration. Any omission of one

or more of these terms under stated circumstances shall be justified
by comparative analyses or by experimental data.”

Several optioms are available to the user® to select the form of
the momentum equation that is desired. These equations are selected
by the assigned value of the input variable MVMIX on the junction
data cards (card 08XXXY). This selection may be modified by the
input value of the inpuc variables JCHOKE and ICHOKE also on the
junction data cards. The input variables JCHOKE and ICHOKE select

the critical flow option as discussed in the critical flow section

*Presently (May 1975) the Regulatory staff uses the incompressible equation for
"simple" nodes and no momentum flux equation for complex nodes for base-case

" PWR calculations (refer to the input Section 3.10). For further Jdiscussion
of this point, the reader should refer to the staff report on momentum equation
sensitivity studies2®/,
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(Section 3.2). In addition to the six options available through the
selections of MVMIX, the user must choosé a momentum equation based on
the complexity of the junctions that connect the volumes in question.
As stated earlier, the form of the momentum equation to be used
in RELAP4~EM is selected by the value used for MVMIX. Momentum equa-
tions that can be used are presented in the form used for sudden
expansions or sudden contraciions. The geometry for the sudden expan-
sion is presented in Figure 3.8.

1. Compressible Mechanical Energy Balance Equation: MVMIX = 0

dw, v v. W

K'K L'L
I,-——l=(, +—~=+P .)- (P, + + P 72
Z 2 2 2
Foopg g 67—y (v + 64
T Fex T T T FgL
where:
W = volume average mass flow as previously defined for the
en=2rgy equation
v = volume averagzs velocity

Pri* Pro = fluid densitcy at the inlet side of Volume L and the
outlet side of Volume K, respectively
Vi Vgo = fluid velocity at the inlet side of Volume L and the

outlet side cf Volume K, respectively
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Figure 3.8
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~
[l

COMPRESSIBLE INTEGRAL MOMENTUM EQUATION

£
2A1 L2
i 28
jolj -
lor K 1 2 or L
Pl
; Pz
1 A2
VZ

MECHANICAL ENERGY BALANCE EQUATION



3-45

Cj = fluid sonic velocity = /Egggé

FfK’ FfL = Fanning friction as previously defined

FK,j,L = frictional pressure loss from the outlet side of
Volume K through Junction j into the inlet side of
Volume L

S = subscript referring to constant entropy

Ij = geometric "inertia" for Junction j

RG = mass flow at Junction j

Pl’ P2 = thermodynamic pressure in control volumes 1 and 2

Vs ¥V,  F velocity in control volumes 1 and 2

Al’ A = area in control volumes 1 and 2

Plg’ P2g = gravitational pressure drops in control volumes 1 and 2

2 = lengih of control volume

Dh _ = diameter

K = loss coefficient

Mixed two stream compressible flow in the volume '"from" side:
MVMIX = 1 (reference Figure 3.6 for definition of subscripts

and model figure):

dw, ; dw.,, v, Wy
J+ _ 1 NE 5 \
L gr = "L, gt @ t o + Reoip) (73)
v. W
L M
- (p. + =24 - - -
& A *Presn) T Fex T Ten Fry1,i1, 1wy APy
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where:
W&l = flow from Volume K through Junction jl1 to Volume L
w52 = flow through Junction j2 that is mixed with le
I, = inertia for flow W,
il : jl
Ij2 = half-volume inertia for flow wjz in the volume
cémmon to flow W,
jl1
FKjl,jl,le = friction loss for the flow through Junction jl
Ale = Fanning friction, Volumes K and L
Pngl,Pngl = elevation pressures for flow le in Volumes K and

L, respectively.

More details as to the form of the equation may be obtained from
Section 2.32, "Compressible Two-Stream Flow with One-Dimensional
Momentum Mixing," p. 24, of the RELAP4 manual.

Mixed two~stream compressible flow in the volume "to" side:

MVMIX = 2 The flow solution for the "to" side is obtained by appro-
priate changes in the subscripts of the above equation. More
detail may be obtained from Section 2.32 of the RELAP4 manual.
Incompressible Mechanical Energy Balance Equation with no

momentum flux {(no Bernoulli effecrs): MVMIX = 3

dWi p.v.[v.l
I, — = (PK + Png) - (PL + Png) - Kf-—l—%——l~'¢ZP

j dt (74)
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5. Compressible Integral Momenium Equation, Single stream: MVMIX = 4

dw, Ve W \'fL VJL
— ‘!_ — / I P — —
Ij —Jdt = (Pk ; Ak + Pkgj) \PL + A'L + Png) ka FfL Fk’st (75)

6. Special case of a £ill with negative flow used to represent the
outlet: A volume with no normal outlet junction, but with a negative
fill position {(flow is negative) as the actual vclume outlet,

constitutes a special case. 1In order for the correct volume flow

to be calculated, the user must use MVMIX = -2 for the negative
111 junction.

Through the selection of JCHOKE and ICHCKE, a seventh form of the

il

momentum equation can be selected. If JCHOXE = 0 and ICHOKE = 11, the
Incompressible Mechanical Energy balance momentum equation is used, this

equation is given by:

dw, vlwl v2W2
I, ——ldt ke S ST Iy vl 2P
1 2
2
W
-4 -
2 A2 2
Py Pyt
2 2 2
W S.K.W’ .
_s, (4fLy L g Afr, T2 P g (76)
L2’ , 2 2, Y2 2 20 A2
P11 . P2y P57

2
_Vij__ l_. - l_.)
T 2 2
J Al A2
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friction factor

where: f

S

]

1 for forward flow, -1 for reverse flow

This equation represents the incompressible form‘of the equation
shown under item 1. Selection of JCHOKE=11 calls the evaluation
model choking option using the MOODY model for the two-phase
region. Therefore, the ingompressible mechanical energy balance
momentum equation represents the momentum equation used for all
Evaluation Model calculations.

Liquid Level Calculation

The liquid level calculation option is not required by the
Commission acceptance criteria but has been added to help define
the beginning of core reflooding. An equivalent liquid level is
defined such that an effective water level in the lower plenum can
be calculated as a function of time. A conglomerate volume combining
up to twenty RELAP-EM volumes may be described. The order of the
RELAP4-EM volumes used to describe the conglomerate volume is |
arbitrary except that the first RELAP4-EM volume becomes the reference
volume. The total liquid mass in the conglomerate volume is obtained
by summing the liquid mass in each of the RELAP4-EM volumes. A
total liquid volume is obtained by dividing the total liquid mass by
the density of saturated liquid in the reference volume. The liquid
level in the conglomerate volume is then calculated from the total

liquid volume in all the RELAP4~EM volumes. Finally, the liquid level
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in the conglomerate volume is compared to the elevation of the bottom
of the reference volume and the result printed for each major edit.

For the option to be used in determining the beginning of core reflood-
ing, the reference volume would be chosen aé the lowest core volume

and other volumes would include downcomer velumes, lower plenum volumes,
and the remaining core volumes.

3.9 Input Data Description for RELAP4-EM

The following description is for all input requirements for RELAP4-EM
presented in a form necessary for the computer. Requirements for data
deck organization, input data cards, tape editing, problem restart and
control cards are presented. Control cards for execution and tape
manipulation will not be discussed in detail.

3.9.1 Control Cards

The control cards necessary for input, output, tape setup,
completion and execution of the RELAP4-EM code will not be discussed
in detail. These control cards are computer system and installation
dependent. General tape input and output needed are as follows:

Input Tape
1. Plot-Restart Tape - This tape contains information from a previous
run that is to be restarted. Restart information is presented in

Section 3.9.5.

2. Boundary Condition Tape - The tape is a plot-restart tape from a
previous run to be used for volume data retrieval (boundary

conditions) as specified in the junction data cards for this run.



3.9.2

3-50

Output Tape

The output tape to be generated will be a plot-restart tape
if requested by the tape control variable on the Problem
Dimension Data Card.

Data Deck Organization

A RELAP4-EM problem consists of a title card, comment cards
(optional), data cards, and a terminator card. A listing of the
cards 1s printed at the beginning of each RELAP4-EM problem. The
order of the title, data, and comment cards is unimportant except
that the last title card or the last data card with A duplicate
card number will be used.

When a card format error is detected, a line containing a dollar
sign ($) located under the character causing the error, and a
comment giving the card column of the error is printed. An error
flag is. set such that input processing continues, but the RELAP4
problem is aborted at the end of input processing. Usually another
error comment is produced during input processing when the program
attempts to process the erroneous data.

Title Card

A title card must be entered for each RELAP4-EM problem. A
title card is identified by an equal sign (=) as the first nonblank
character. The title (the remainder of the title card) is printed
as the second line of every page. The title card is normally placed

first in the problem.
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Comment Cards _ ‘

An asterisk (*¥) or a doliar sign (§) appearing as the first
nonblank character identifies the card as a comment card. Any
information may be entered on the remainder of the card. Blank
cards are treated as comment cards. The only processing of comment
cards is printing of contents. Comment cards may be placed anywhere
in the input deck.

Data Cards

The data cards contain a varying number of fields which may be
integer, flosting point, or alphanumeric. Blaaks preceding and
following fields are ignored.

The first field on é data card is a card number which must Be
an unsigned integer. If the first field has an error cr is not
an integer, an error flag is set. Consequently, data cn the
card are not used and the card will be identified by the card
number in the lisit of unused data cards. After each card number
and the accompanying data are read, the card number is compared
to previously entered card numbers. If a matching card number
is found, the data entered on the previous card is replaced by
the data on the current card. If fhe card being processed
contains only a card number, the card number and the data entered
on the previous card are deleted. 1If a card causes replacement or
deletion of data, a statement is printed indicating that the card

is a replacement card.
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Comment information may follow the data fields on any data card
by preceding the comment with an asterisk or dollar sign.

A number field is started by either a digit (0 through 9),
a sign (+ or -), or a decimal point(.). A comma or a blank
(with one exception subsequently noted) terminates the number
field. The number field has a number part, and optionally, an
exponent part. A number field without é decimal point or an
exponeﬂt is an integer field; a number field with either a
decimal point, an exponent, or both is a floating-point field.
A floating-point field without a decimal point is assumed to
have a decimal point immediately in front of the first digit.
The exponent denotes the power of ten to be applied to the
number part of the field. The exponent part has an E or D, and
a sign (+ or -) followed by a number giving the power of ten.
These rules for floating-point numbers are identical to those
for entering data in FORTRAN E or ¥ format fields except that
no blanks (one exception) are allowed between characters.
Floating point data punched by FORTRAN programs can be read. To
permit reading of floating-point data, a blank following an E or
D denoting an exponent is treated as a plus sign. Acceptable ways
of entering floating-point numbers are illustrated by the following
six fields all containing the quantity 12.45:

12.45, +12.45 124542 1.245+1, 1.245E1 1.245E+1
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A field starting with a letter is an alphanumeric field. The
field is terminated by a comma, a blank, or the end of the card.
All characters except commas and blanks are allowed.

Terminator Cards

The input data for RELAP4-EM problems are separated by slash
cards; the final problem is terminated by a period card instead
of a slash card. The period card also serves as the separator
between problem sets. The slash and period cards have ai(/) and
(.), respectively, as the fi;st nonblank character. Comments
may follow the slash and period on the slash and period cards.
When a slash card is used as a terminator, the list of card
numbers and associated data used in a problem is passed to the
next problem. Cards entered for the next problem are added to
the passed list or act as replacement cards depending on the card
number. The resulting input is the same as if all previous slash
cards were removed from the input to the problem set.
When a period card is used as a terminator, all previous input
cards are erased before the input to the next problem is processed.
The ability to execute multiple problems and sets of input data
is limited by magnetic tape usage. Only one of the problems can
use restart capability if the restart file has multiple reels,
and only one of the problems can generate a tape. Because of
the limitations and the length of RELAP4 runs, the multiple
problem and set capability will probably be of use only for

input data checking.
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Data Card Summary

In the following description of the data cards, the card number is
given along with a descriptive title of the data contained on the card.
Next is given an explanation of any variable data (such as volume number)
which is included in the card number. Then, the order of the data (W1,
W2, ...), the format (I, R, or A), the variable name, and the input data
requirements -are given where applicable. The format of the field,
integer, real or floating, or alphanumeric is indicated by I, R, or A,
respectively.

1. Title Card
The last title card entered for each case must have at least one
nonblank character in Columns 1-72.
2. Problem Dimensions Data Card 010001
Wl-I LDMP = Tape control {only one tape may be generated during
a job)
0 = no tape used
-1 = store restart information on FORTRAN Unit 4
~2 = store restart and plot information on FORTRAN
Unit 4
-3 = edit the tape on FORTRAN Unit 3
N = restart at restart number N using the tape on

FORTRAN Unit 3 (~3<LDMP<999)

Number of minor edit variables desired
(O<NEDI<9)

W2-I  NEDI

W3-I NTC = Time step card count
(1<NTRP<20)

W4-T NTRP

Number of trip control cards
(1<NTRP<20)

W5-T NVOL = Number of control volumes
(1<NVOL<75)
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‘W18-I  ISPROG = Program Option Flag.

0 = RELAP4 with minimum controls

1 = RELAP4-EM (option required by AEC acceptance
criteria) :
2 = RELAP4-FLOOD

Problem Constants Data Card 010002

W1l-R POWER

Initial power (megawatts)

W2-R OMEGA

il

Implicit-explicit proportion multiplier (dimensionless),
0<OMEGA<1
= 1.0, implicit

0.0, explicit
0.5, Crank Nicolson

1

Program Options Card 010003

This card is optional. The use of ISPROG = 1 on card 010001
requires the variables IEMHT, IEMPS, and IEMEC to be set to 1 if
this card is used. If ISPROG = 1 and this card is not input,
the program will set IEMHT, IEMPS, and IEMEC to 1.

Wi-1 TPROGM

]

Program Type.

This variable is ignored unless ISPROG = 0

on card 010001.

0 = RELAP4 type of problem

1 = Nonstandard RELAP4-EM type of problem
(This option does mot meet the AEC
Evaluation Model acceptance criteria.)

EM heat transfer logic flag.
0 = do not use EM heat transfer logic
1 = use EM heat transfer logic.

W2-I IEMHT

W3-I LEMPS

il

EM pin swelling and flow blockage flag.

0 = do not include EM pin swelling and flow
blockage.

1 = include EM pin swelling and flow blockage.

W4-1 IEMEC

EM ECC bypass logic flag.
0 = do not include EM bypass logic
1 = include EM bypass logic.
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5. Edit Vériable Data Card 020000
An Edit Variable Data card is required if NEDI (on Card
01C001) is greater than zero. This card specifies the variables
to be edited in the minor edits. -NEDI specifications must be
entered. Each specification consists of an alphanumeric entry
and an integsr entry as follows:
Wl-A Variable symbol
W2-I Region number

Symbols of available minor edit variables

Symbol Variable {(with reference to volume)#*

AP Average pressure

™ Totzl mass

TE Totzl energy

AT Average temperature

AR Average density

AH Average enthalpy

AX Average quality

BM Bubble mass

ML Mixtﬁre level

VF Specific volume of saturated liquid

VG Specific volume of saturated gas

* (For these variables, W2 is the volume number, 1<W2<75)
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HE Specific enthalpy of saturated liquid

HG Specific enthalpy of saturated gas

AE

TS Saturation temperature
PS Satﬁfétion pressure
WM Liqui& mass
W@ Power into coolant
PR Pump speed
PT Normalized hydraulic pump torque
Symbol Variable (with reference to junctions)*
JW Junction flow
JH Junction enthalpy
JX Junection quality
TD Total pressure differential
FD Pressure differential due to friction
ED Pressure differential due to elevation
PD Pressure differential due to pump
AD Pressure differential due to acceleration
Jv "Junction specific volume
JC Junction choking index

*{For these variables, W2 is the junction number, 1<W2<100)
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Symbol Variabie (with reference to heat slabs)*
SL Left surface temperature
SR Right surface temperature
CL Left heat transfer coefficient
CR ight heat transfer coefficient
FL Left heat fiux
FE Right heat Zlux
WL Left heat transfer rate to coolant
WR Right heat transfer rate to coolant
XL Left heat transfer mode
R Right heat transfer mode
DL Left critical heat flux
DR Right critical heat flux
ST Average slab temperature
SQ Slab fuel power
DM Depth of metal water reaciion

* (For these variables, W2 is the heat slab rumber 1<W2<50)
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Symbol Variable (with reference to the system)*
NQ Normalized power
AE Total energy added during transieﬁt
FE Energy stored in fuel
LE Total energy leaked
HE Energy femoved by heat exchanger
EB Energy balance term
LM Total mass leaked
MB Mass balance
TR Total reactivity
RV Reactivity due to coolant voids
RW Reactivity due to temperature changes in coolant
RF Reactivity due to temperature changes in fuel
RC Reactivity due to control rod changes
RD Reactivity due to Doppler effect (fuel temperature)
PO Power
HL Total heat removed
RP Reactor period

* (These variables are system variables, W2=0Q)
6. Time Step Data Cards 03XXX0

NTC (on Card 010001) cards must be entered with XXxX=001, 002, ..., NTC.

W1l-I NMIN = Number of time steps per minor edit and number of
time steps per plot tape edit (0 is interpreted as 1)
W2-1 NMAJ = Number of minor edits per major edit (0 is interpreted

as 50)



W3-1 NDMP

W4-T NCHK

W5-R DELTM

W6~R DTMIN

W7-R TLAST

Detailed Edit

Wil-I TEVERY (1)

W2-I IEVERY(2)

il
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Number of major edits per restart tape edit (0 is
interpreted as 20)

Option for time step control

= -1, time step control on nonlinear conditions only

0, time step control on linear and nonlinear conditions
1, no time step control

Maximum time step size (sec)
(O<DELTM)

Minimum sub-time-step size when under time step
control (O<DTMIN<DELTM) for NCHK=1, DTMIN must
be C.0.

End of current time step data.

Card 030002. This card is optional.

Detailed edit control

L]

0, no effect on the printed output for the
time step indicated by the index, I, of
IEVERY(I), where "I" refers back to the
XXX of cards 03XXX0.

= 1, a major edit will be obtained for every
actual time step for the time-step card
indicated by the index, I.

WNTC-I IEVERY(NTC) Caution: The use of this option may result in

up to DELTM/DIMIN times as much printed output
as requesting a major edit every standard time
step.

Trip Control Data Cards 04XXX0

NTRP (on Card 010001) cards must be entered with XX¥=001, 002, ...,

NTRP.

Wi-T IDTRP = Action to be taken (1<IDTRP<20)

(1L = End of problem, required for first card)
IDTRP corresponds to entry on pertinent card else-—
where in input where trip action is desired.



W3~1

We-1

W5~-R

W6~R

=
b
fd

X2

SETPT

DELAY

]

et

Signai baing compared Triz Limit
{1<IDSIC<iO0)
1 = Elapsed time +=HIGH, ~=HIGH
2 = Normaliged reactor

pDoweyw =HICH, -=LOW
3 = Reacior period +=0IGH, -=L0OW
4 = Pressure {(Vol IXL) +=HIGH, ~=LOW
53 = Mixture level

(Vol IX1) +=HIGH, -==L0OW
¢ = Liquid level {Vol

iXi) +=HIGH, —-=LOW
7 = Water temperature

{Core Vol IX1) +=HIGH, -=LOW
8 = Metal temperaturs

{Core Vol IX1) 4+=HIGH, -=L0W
9 = Flow (Junciion IX1) +=HIGH, -=LOW
0 = Cladding surface

tempevature {Core

Vol IX1) ' 4=HIGH, ~=LOW
Volume or junction index

{1<IX1<NCOR for IDSIG = 8 ox 10)
{1<IX1<NVOL for IDSIG = &, 5, 6, or
{I<IX1<NJUN for IDSIG = 9)

Optional volume
If IX2> Q0 a AP or AT test is used
{for IDSIC = &, -4, 7, =7)

Signal setpoiant

Delay time for initiation of action
reaching setpoint {sec)

On the first trip card, a requirement is that IDTRP

Volume Data Cards 05XXXY

NVOL {on Card 010001) sets of cavds must be entered

002,

oo o g

NVOL.

Y is card sequence number for each

at 1, and must be consecutive. The following items

on up to nine cards.

Wi-T

IBUB

Bubble data index
{O<IBUB<NBUB)

7)

= IDSIG = 1.

with XXX = 001,
set, starting

may be entered
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10. Liquid Level Volume Calculation Card 060000

CWl-I ILVC(1) Indices for the volumes over which liquid masses
W2-1 ILVC(2) are to be summed to determine the equivalent
. liquid level. The bottom of the first volume
. is used as the reference elevation for the
. equivalent liquid level. A maximum of 20 volumes
WN-I ILVC () is allowed.

11. Bubble Data Cards 06XXX1

NBUB (on Card 010001) cards must be entered with XXX=001, 002, ..., NBUB.

W1-R ALPH

Bubble-gradient parameter
(0.<ALPH<1.0)

W2-R VBUB

Bubble velocity (ft/sec)
(0. <VBUB)

Set Number 0 (ALPH=0., VBUB=0.) is buiit—in

12. Time~Dependent Volume Data Cards (07XXYY)
NTDV (from card 010001) sets of cards must be entered with the
set number XX = 01, 02, ..., NIVD. Data points may be entered on
cards ordered by YY, 00 < YY < 99. YY need not be consecutive.
A data point consists of time, pressure, temperature, mixture
quality, and mixture level. The first entry for a set is the
number of data points (IRIN) contained in the set. Since the first
data point (TIME = 0) has been read from the normal volume data,
only IRIN-1 data points are entered in a set. An IRIN value of
either 0 or 1 may be used to specify that the initial conditions
of the volume are used throughout the transient. For a positive
mixture quality, the pressure will be used if positive and the
temperature ignored. Pressure, temperature, and zero quality

should be used for subcooled liquid.
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Wil-T IRIN

Number of data points in the set
(0 < IRIN < 20)

W2-R TIMIBL(2)

Time (sec)

W3-R PTABL(2) Pressure {psia)

W4-R  TTABL(2)

Temperature (°F)

W5-R XTABL(2) Quality of mixture

W6-R ZTABL(2) Mixture level (from botiom of

volume) (ft)

W7-R,... TIMIBL(3), PTABL(3), TTABL(3), XTABL(3), ZTABL(3),
W1ll-R,... oo

13. Flow Smoothing Data Card 080001 through 080009
This card is used with flow smoothing option.

W1-R TAU(1) = TAU(sec), where TAU(1l) > 0

W2-R WFUN(1) = Weighting function value at TAU(1)
W3-R TAU(2)
W4-R WFUN(2)

.

]

U

. °

. Up to 20 points (40 entries)*
14. Junction Data Cards 08XXXY
NJUN (on Card 010001) sets of cards must be entered with XXX=001,
002, ..., NJUN. The items listed below may be entered on up to
nine cards. Y is a card sequence number for each set, starting
at 1, and must be consecutive. All normal junctions must precede

the leak and fill junctions when the junction data are input.

*A point in a table consists of one value for the independent variable and one
value for each of the dependent variables.



Wl-T

W2-1

CW3-I

W4-1

W5-R

W6-R

W7-R

Wl

w2

IPOMP

IVALVE

AJUN

ZJU0N

il
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Volume index at junction inlet
(0 < IW1 < NVOL)

Volume index at junction exit
(0 < IW2 < NVOL)

(a) (IW1 > 0, IW2 > 0) Pump Index
(1<|IPUMP | <NPUMPC, and each IPUMP
is unique). '"Normal" junctions
must precede leak and fill junctions.
(b) (IW1>0,IW2-0) Leak Index
(1<IPUMP<NLK)
(c) IWl=0, IW2>0) Fill Index
(1<IPUMP<NFLL)

For the junctions connecting to the pump volume,
the suction side junction should have a negative
pump number and the discharge junction should
have a positive pump number (IPUMP on the
junction card). Flow in these junctions must
be positive initially.

Valve index

(O<IVALVE<NCKV)

(a) IVALVE=0, No valve

(b) 1<IVALVE<NCKV, check valve

(c) O>IVALVE, Negative of old junction number
used in flow smoothing. '

Flow (1b/sec)

Junction flow area in square feet and
must be greater than zero. For a leak,
AJUN dis the full leak area.

Junction elevation (ft)

{(a) IW1>0, IW2>0 the ZJUN must lie between the
bottom and top of both volumes IWl and IW2

(b) IW1>0, IW2=0 the ZJUN must lie between the
bottom and top of volume IWl

(c) IWl=0, IW2>0 the ZJUN must lie between the
bottom and top of volume IW2



W8-R

W9-R

W10-R

W1ll-I

INERTA

FJUNF

FJUNR

JVERTL
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Junction effective L/A(ft—l

)
(a) IW1>0, IW2>0
INERTA>0

(b) IW1l<0 or IW2<0
INERTA>0

INERTA is calculated by the program if the
input value is zero and JCALCI=2. The calcu-
latec¢ value is one-half of the length of

each adjacent volume divided by the volume
flow area where volume length is V/FLOWA.

Forward flow "form loss coefficient."

This is either a dimensionless positive number
dependent on geometric changes occurring within the
flow control volume or zero. It is the standard
head loss coefficient, as normally used in text
books. The head loss is:

2

v
k=

where FIJUNF is K, and the veliocity, v, is based
on the junction area.

Reverse flow "form~loss-coefficient.”
If FJUNR is entered as zero and FJUNF
is nonzero, the FJUNR is set equal to
FJUNZ.

Vertical junction index

0

Junction flow area is nci distributed
vertically and junciion enthalpy is
"smoothed" when the two-phase mixture
interface is near the junction elevation

1 = Junction flow area is assumed to be a
circular arza centered snd distributed
vertically about ZJUN
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2 = No bubble smoothing, junction flow area

not distributed vertically

W12-I JCHOKE = Junction choking index

-1

0

2

No choking

Table choking or sonic choking as
determined by code

Table choking only (If MVMIX is #3,
this flow solution corresponds to
incompressible flow with Bernoulli
effeects)

Sonic choking only

Wi3—~I JCALCI = Initial condition calculation index

0 = Use input for inertia and form loss
coefficients as given by user
1 = Calculate form loss coefficients
(FJUNF and FJUNR) (for sharp-edge
area changes)
+2 = Calculate inertias
+3 = Calculate both form loss coefficients
and inertias
>3 = Frictionless junction except in mixed streams
Wl4—I MVMIX = Momentum Equation Type
0 = Compressible mechanical energy balance equation,
single stream :
1 = Mixed two-stream compressible mechanical energy
balance flow equation in the volume "from" side
2 = Mixed two-stream compressible mechanical energy
balance flow equation in the volume "to" side
3 = Incompressible mechanical energy balance equation

with no momentum flux (no Bernoulli effects)



W15-R

W16—-R

W17-T

DIAMI

CONCO

ICHOKE

4 = Compressible integral mcmentum equation,
single stream
-2 = Special case of a fill with negative flow

used to represent the outlet junction

Junction diameter

If DIAMJ < 0.0, the program will calculate
DIAMJ as 2VAJUN/w, (used for junction
quality calculations)

Contraction coefficient for leak (0. is
interpreted as 1.)

Junction choking index to control table choking

0 = Table type choking will not be used in the
subcooled {liquid phase) region, i.e., Moody
or Heary data will not be used.

+
=
]

Use Moody table choking in the saturated region.
+2 = Use Henry table choking in the saturated region.

+3 = Use maximum value of Moody or Henry choking
in the saturated region.

+4 = Use minimum value of Moody or Henry choking
in the saturated region.

Notes:
In all cases above:

a. If ICHOKE > 0, the flow in the subcooled region
will be the minimum of the specifiied table
choking and the momentun solution.

b. If ICHOKE < O, table choking will be used in
the saturated region only.

¢. By adding 10 to the absolute value of each of
the options above, the flow in the subcooled
region will be the minimum flow as determined



0.387%

L

e

i

4
1

5

e

13

L







3-72

-If TORKMR = 0, it is set to the sum of the
frictional torque (TORKF) and the hydraulic
torque at time t = 0.
17. Pump Head Multiplier Data Cards 0910YY
This curve is read if any IPM (on Cards 090XXY) equals unity. YY
is a card sequence number, 00<YY<99. The cards are ordered by YY,
but YY need not start at 00 and need not be consecutive to
facilitate additions or deletions from the table.
Wl-1 NPHEM = Number of points on curve
(1< |NPHM|<20)
Positive value indicates no extrapolation,

negative value permits extrapolation.

W2-R  PHDM(1)

It

Void fraction

W3-R PHDM(2)

i

Head multiplier for difference curves in Set 4.

W4-R, PHDM(3),

W5-R,  PHDM(4),

cen cen until NPHM points are entered (NPHM x 2 entries).
Void fraction must be in ascending sequence.
Normally, both void fraction and multiplier will
range from 0.0 to 1..0.

18. Pump Torque Multiplier Data Cards 0920YY

This curve is also read if any IPM (on cards 090XXY) eqﬁals

unity. YY is a card sequence number, the same as with cards 0910YY.
Number of points on éurve
(1<|NPTM|<20)

A negative value here also indicates -that
extrapolation is permitted.

Wl-I NPTM

W2-R PTKM(1) Void fraction

Il

W3-R PTKM(2) Torque multiplier for difference curves in Set 4.
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W4-R, PTKM(3),
W5-R; PTRM(4),
oee vew until NPTIM points are entered (2xNPTM entries).
Void fraction must be in ascending sequence.
Pump Stop Data Card 095XX1
This card must be present for each pump to whick this option applies,
vhere XX is the pump number between 01 and 12.  Once any of the condi-

tions below are met, the pump speed is set to O.

W1l-R CAVCON

Elapsed time (sec)
<0.0, option not used
>0.0, option used

W2-R FPUMP Maximum forward speed (RPM)
= 0.0, option not used

# 0.0, option used

W3-R SPUMP

Maximum reverse speed (RPM)
= 0.0, option not used
# 0.0, option used
(Note: Normally this number is negative.)

Pump Motor Torque Data Card 0970XY
X, 1 < X < 2, indicates the curve number. Curve 09701Y is read
if any.IMT (on cards 090XXY) equals 1; curve 09702Y is read if any
IMT = 2. Y is a card sequence number, 1 <Y < 9.
Wl-1 NTMO = Number of points on curve
a j_]NTMOT_i 20)
A negative value indicates that extrapolation

is permitted.

W2-R PTMO(1)

Pump speed (RPM)

W3-R  PTMO(2)

Motor torque, normalized
W4-R PTMO(3)

W5-R PTMO(4)
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oo . until NTMO points (2xNTMO entries) are entered.
Speed must be in ascending sequence.

Pump Head and Torque Data Cards 10XYYZ

X, 1 <X <4, indicates the curve set number. NC (from Card 100000)
total curves must be read for each set X. YY indicates the curve
number, with YY = 01, 02, ..., NC. Z, 0 < Z < 9, is the card sequence
number for each curve. The cards are ordered by Z, but Z need not
start at 0 and need not be consecutive. An arbitrary number of items
may be entered on each card. At least one table pair must be entered.
Any single-phase minus two-phase difference curves should be read into
Set 4.

Curves for the following pumps are already built in:

Curve Set 1 - Bingham Pump Company pump, Ng = 4200

Curve Set 2 — Westinghouse Electric Corporation pump, Ng = 5200

Wi-I IT = Head or torque indicator
1 = head
2 = torque

W2-1 IC = Curve type
(1 < IC < 8)

W3-I N = Number of data points

(1 < |§] < 20)
Positive value indicates no extrapolation;
negative value permits extrapolation.

W4-R  PHEAD(1)
or PTORK(1)= Independent Variable 1 (v/a for IC odd;
a/v for IC even)

W5~R PHEAD(2) 9 9
or PTORK(2)= Dependent Variable 1 (h/a” or B/a“ for IC odd;
h/v? or B/vZ for IC even)
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W6—-R, Incependeat Variable 2 and Dependent Variable 2,
W7-R ..., until N pairs are entered, where Independent
can Variable j < Independent Variable j+1.
v, h, a, and B8 are ratios of performance parameters
to the rated parameters, where v = flow ratio,
h = head ratio, a = speed ratio, and B = torque ratio.

Valve Data Cards 11XXXO0

NCKV (on Card 010001) cards musi be entered with XXX = 001, 002,
e+, NCKV. The data on the éard are interpreted according to the
type of valve being described.

Wi-1 ITCV = Type of check valve

-1 = inertial valve
0 = Type 0 check valve
1 = Type 1 check valve

-20 < ITCV < -2 = a closed valve
to open under control of trip ID = |ITCV]|.
2 < ITCV < 20 = an open valve to close
under coatrol of trip ID = ITCV.

wa2-1 TACV = Number of area-versus-angle table in the
leak table data if ITCV = -1
= Number of area-versus-time table in leak
table data if IITCVI > 2
= 0 otherwise.

W3-R PCV = Back pressure for closure {psia)

W4-R CVl = Forward flow friction coefficient
ITCV # -1 (dimensionless) 3
Area moment arm ITCV = ~1 (ft~)

W5—-R cva = Reverse flow friction coefficient valve
open ITCV # -1 (dimensionless) 9
Moment of Inertia ITCV = -1 (lbm/ft )

W6—R Ccv3 = Reverse flow friction coefficient valve
closed ITCV # -1 (dimensionless)
Damping constant TTCV = ~1,

Leak Table Data Carcs 12XXYY

NLK {on Caré¢ 010001 sets of cards must be entered with XX=01,

02, ..., NLK. ¥YY is a card secuence number  for each s2t, 00< YY < 99
H 2 = —_— — 2
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the cards are ordered by YY, but YY need not start at 00 and need not
be consecutive. An arbitrary number of items may be entered on each
card. At least one table pair must be entered.

Wi-I NAREA

Number of data points

(1 < |NAREA| < 20)

Positive value indicates no extrapolation;
negative value permits extrapolation.

W2-1 ITLEAK

il

Trip signal number to open leak
(2 < ITLEAK < 20)

W3-R SINK = Sink pressure (psia)

W4-R TAREA(1)= Time (sec)

W5-R TAREA(2)= Leak area normalized to full open area AJUN

W6-R, TAREA(3), until NAREA points (2xNAREA entries) are

W7-R, TAREA(4), entered, where the time values are in

cee ‘e ascending order.

Fill Table Data Cards 13XXYY

NFLL (on Card 010001) sets of cards must be entered with XX = 01,
02, ..., NFLL. YY is a card sequence number for each set, 00 < YY <
99; the cards are ordered by YY, but YY need not start at 00 and need
not be consecutive. An arbitrary number of items may be entered on

each card. At least one table pair must be entered.

W1l-I NFILL

Number of data points

(1 < |NFILL| <20)

Positive value indicates no extrapolation;
negative value permits extrapolation.

W2-1 ITFILL Trip signal to start

(2 < ITFILL < 20)
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W3-1 IX = Independent variable
IX = 0, time

IX > 0, pressure (onl + ) (psia)

Pgrav
IX < 0, differential pressure
conl + Pgrav - Pfill) (psia)

W4-T Iy = Flow type 2
IY < 0, flow in 1bm/sec—ft

IY > 0, flow in gpm/ft2

W5-R PORX = Pressure or quality in £fill reservoir
PORX = 0, saturated liquid
0 < PORX < 1, mixture quality

PORX = 1, saturated vapor
PORX > 1, pressure (psi)

Wé-R TEMP = Temperature (°F)

W7--R FILTBL(1)

Time or pressure (sec or psia)

Flow (1b /sec-—ft2 or gpm/ftz)

W8-R FILTBL(2) n
This flow is multiplied by junction area if nonzero.

W9-R FILTBL(3), until NFILL points are entiered,
W10-R FILTBL(4) where the time or pressure values are in
o e ascending order.
25. Kinetics Constants Data Card 140000
This card is required if NCOR (on Card 010001) is greater than zero.

Wi-1 NODEL = Power calculation indicator

-1 = Retrieve data from FORTRAN Unit 2
0 = Explicit power versus time
1 = One prompt neutron group plus six groups of
delayed neutrons
2 = Same as 1 above plus eleven delayed gamma
emitters
3 = Same as 2 above plus U-239 and Np-239.

W2-I KMUL

Multiplying factor for decay energy
0 = Use ANS decay energy release rates
0 # Multiply ANS rates by 1.2.
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W4-R, DOPRO(3), until NDOP points are entered, where
W5-R, DOPRO(4), temperature values are in ascending
.o oua order

Heat Slab Data Cards 15XXX1

‘A zero value for either IVSL or IVSR means that the slab surface

does not conduct heat. A -1 value for either IVSL or IVSR means that
the slab is being used as a heat exchanger with constant sink conditions
on the -1 side. For this case, two more input quantities are needed:

a constant heat transfer coefficient and a removal fraction of the
total power initially generated. The user can also model a heat
exchanger slab using volumes on both sides of the slab. At least one

of the quantities IVSL or IVSR must be greater than zero. If a heat

slab is a core section, IVSL must be zero.

NSLB (on Card 010001) cards must be entered with XXX = 001, 002,

..., NSLB.

Wl-1 IVSL = Index number of volume at left slab surface
(-1 < IVSL < NVOL)

W2-I IVSR = Index number of volume at right slab surface
(-1 < IVSR < NVOL)

W3-I IGOM = Geometry index
(1<IGOM<NGOM)

W4-1 1ISB = Stack indicator

0 means that this slab is at the bottom

of a stack. ’

1 means that this slab is stacked on top
of the slab described by the previous card.



W5—1I

Wé6-1I

W7-R

W8-R

W9-R

W10-R

W1l-R

W13-R

W1l4-R

IMCL

IMCR

ASUL

ASUR

VOLS

HDMR

DHEL

DHER

CHNL

3-81

Indicator for flow film boiling heat transfer

corralation at left surface.

0 - use Groeneveld 5.9

1 - use Groeneveld 5.7

2 - use Dougall Rohsenow

1X ~ use G.E. CHF Correlation (ten’s place
digit = 1)

Indicator for flow film boiling heat transfer
correlation at right surface.
Same as IMCL above.

Heat transfer area at left surface (ftz)
ASUL = O 4if IVSL = O
ASUL > O if IVSL 0

Heat transfer area at right surface (ftz)
ASUR = 0 if IVSR = O
ASUR > 0 if IVSR # O

Total volume of slab (ft3)
0 < VOLS

Left side hydraulic diazmeter (ft)
WDML > 0. If HDML = O and IVSL > 0,
HDML will be set equal to DIAMV

(on Card 05XXXY) for volume IVSL.

Right side hydraulic diameter (£ft)
HDMR > 0. 1If HDMR = O and IVSR > O,
HDMR will be set equal to DIAMV (on
Card O5XXXY) for volume IVSR.

Left side heated equivalent diameter (ft)
DHEL > 0. 1If DHEL = 0 and IVSL > g,
DHEL will be set equal to HDML.

Right side heated equivalent diameter (ft)
DHER > 0. 1If DHER = 0 and IVSR > O,
DHER will be set equal to HDMR.

Actual channel length on left side (ft)
If CHNL = 0 and IVSL > 0, CENL will be
set equal to ZVOL (on card 05XXXY) for
volume IVSL.

If CHNL < O, the minus sign is used only as a
flag calling for the following GE CHF correlations:

enr = 106 (6.8-X) for G > .5 x lO6 ;E%%E;
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6

Qeur = 106 (0.84~X) for G < .5 x 10 fE%%E;

but ICHF > 90,000 £ 21— regardless

W15-R CHNR = Actual channel length on right side (ft)
if CHNR = 0 and IVSR > 0, CHNR will be set
equal to ZVOL (on card 05XXXY) for volume
TVSR. If CHNR < 0, same as for CHNL above.

N

The following 2 quantities are required only if IVSL or IVSR is -1:

Wi6-R PFR = Fraction of total power generated removed by this
slab (0 < PFR < 1}

Wi7-R HTC = Constant heat transfer coefficient
(Btu/ftz—hr—°F)

Wall Temperature Reset Cards 15XXX3

This set of cards allows the initialization of slab wall temperature

to values other than those determined by initial fluid conditions. The
cards must satisfy 001 < XXX < NSLB, but any or all cards may be omitted
and the order is immaterial. Either the left or right slab temperature
in each pair may be set to zero, in which case the temperature of the
indicated slab is not reinitialized.

W1l-R TP (1, XXX)

Temperature at the left side of the slab
(°F)

W2-R TP (NODER , XXX)

Temperature at the right side of the slab
(°F)

NODER is the number of nodes for slab XXX.
Temperatures at the inner slab nodes are
obtained by linear interpolation.

Core Section Data Cards 16XXX0
NCOR {on Card 010001) cards must be entered with XXX=001, 002,

..., NCOR.



3-83

Wl-1 ISLB = Siab nunber

S
{1 <ISLB<NSLB}

W2-I : :
W3-1 NODT Node numbers at which temperatures
W4-1 are to be printed on major edits

W5-R CLTI = Initial claddicg thizkness {(ft)
' If CLTI > 0, then metal-water reaction
is calculated fcr this core sectiomn.
If CLTI = 0, then no metal-water reaction
ie calculated for this core section.

W6=~R QFRAC = Fraction of power generated in core
NCOR
section; 0 < QFRAC < 1.0 and ) QFRAC,
i=1

should = 1.Q
33. Core Seztior. Data Carde for Evaluation Model 16XXX5%
NCOR cards musi be entered with XXX = 001, 002, ..., NCOR for

IEMPS = 1.

Wi-T ISLBAJ= Flag tc¢ indicate what calculations to make after

a pin swelling event

0 = Swcilen radius end area will be used in
generating M/W reaction data, heat trans-
fer date and adjusting flow friction in the
adfacent junctions.

1 = Swollen radius znd area will be used in
gererating M/W reaction data and heat
transfer data oply. Junction flow will not
be resitricted. (Hot pin option)

2 = Swollen radius will be used to adjust flow
friction in adjecent juanctions only.

Wi-T ISW.AR TIndicates which table to use in determining
percent blockage after swelling event.
0 = Read in data for multiple pins
1 = Read in daza for single 2in

*The information on this card is used in conjunciion with the pin swelling
logic. To prevent the »in from swelling in more than on=z place, the pin
should bte set up as a s:tack. (ISB=1 on card 153XX1)



W3—-R#%*%* GSMOL

W4—~R

W5-R

W6~-R

W7-R**
W8-R
W9-R
W10-R
W1l-R
W12-R

W13-R

n

EF =

EC =

FRACT

AFR(1)=
AFR(2)=
AFR(3)=
AFR(4)=
AFR(5)=
AFR(6)=

HCOND =

W14-R***VPLENI=

3-84

Gram-moles of gés in pin gap and plenum

Emissivity of fuel (for effective radiation
conductivity)

Emissivity of clad (for effective radiation
conductivity)

Fraction of theoretical density (for fuel
porosity adjustments)

Mole fraction of Helium
Mole fraction of Argon
Mole fraction Hydrogen
Mole fraction of Nitrogen
Mole fraction of Krypton
Mole fraction of Xenon

Conductance term when fuel pin gap is closed
(Btu/sec—ft2—°F)

Initial plenum volume for fuel rods (££3)

** The information in words 7 to 17 is used in determining the con-
ductivity in the gap in the fuel pin utilizing the GAPCON method,
and to determine the internal pin pressure used in the clad
geometry data cards 17XXYY.

*%% For GSMOL and VPLENI, only the sum of the slab values for a stack
of slabs is now used in any calculations. Thus the user can dis-
tribute the stack totals within the stack slabs as he wishes.

One way is to use 0.0 for both values on all core slab cards
except on the card for the last slab in the stack, where the
stack totals would be used. The user should also remember that
a pin-type slab includes all the pins, not just one, and input
GSMOL and VPLENI accordingly.
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W17-R
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RSHD = Radius of shoulder for axial expansion of
fuel (ft)

EPSMXR= Permanent hoop strain of cladding {dimensionless,

AR)
R
EPSMXA= Permanent axial pressure strain of cladding

AZ

(dimensionless, —E)

31lab Geomeiry Data Cards 17XXYY

NGOM (on Card D10001) sets of cards must be entered with XX = 01,

02, ...,

NGOM. One card is required for each region and YY is the

region number.

For YY =

W1-1

W2-I

W3-I

W4-1

W5-R

W6-R

W7-R

D1:
1G = Geometry type
1 = Rectangular
2 = Cylindrical
NR = Number of regions
(1<NR<MAXREG = 6)
M = Material index
(1<IM<NMAT)
NDX = Number of space steps
1<NDX and
NR
) NDX, <MAXNOD = 21
i=j
X0 = Radial distance to left surface (ft)
X0=0 for a solid rod
XR = Region width (ft)
PF = Fraction of slab power generated in region

For YY = 02, 03, ..., NR:

W1l-T

IGP = Gap indicator
= No gap

G
0
1 = Gap expansion model desired
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Wael o TM Y
i
i
W3- NDX |
Y = As for the first ragion card
Wh=R& R ;’
W57 PEF

Thermal Conductiviiy Daia Cards LBYXYY

NMAT {on Cazd C10001) sets of dais must be entered with XX indica:r

=t

the material number, XX = 01, 02, ..., NMAT. YY is the card sequence
number for each set, 00 < YY < 99; the cards arve ovdered by YY, but YV
need not start at 00 and need not be consecuiive. An arbitrary number

of ictems may be eniered on each card. At least one table pair must bve

Wl-1 NKP = Nuamber of poinits in thermsal conducitivity
- table (|<]NKP|< 20). VPositive value
indicates no extrapolation. Negative value
indicates extrapclation.
WKP=1, a constani value
W2-R TPK{1)= Temperature {(°F)
W3~-R TPK{2)= Thermal conducitivity (Btu/ft-hr-°F)

Wh=R TPK{3), uniil NKP poinis are entered,
W5-R TPK{4), temperature values are in ascending order

Volumeitric Heat Capacity Data Cards 19¥XYY

MMAT (pn Card 010001) sets of data must be entered with XX indicating
the material number, XX = 01, 02, ..., NMAT. YY is the card sequence
number for each set, 00<YY<99; ihe cards ave orderved by YY, but YY need

not start at 00 and need not be consecutive. An arbitrary numbexr of



37.

3-87

items can be entered on each card. At least one table pair must be
entered.
Wl-I NCP = Number of points in heat capacity table
(1<| xcp| < 20)
Positive value indicates no extrapolation;
negative value permits extrapolation NCP = 1,
a constant value
w2-1 TPC(1l)= Temperature (°F)
W3-R TPC(2)= Volumetric heat capacity (Btu/°F—ft3)
W4-R TPC(3) Until NCP points are entered, where
W5-R TPC(4) temperature values are in ascending
oo e order
Linear Expansion Coefficient Data Cards 20XXYY
These cards are required for each material only if aay heat
slab specifies the gap expansion model; that is, if IGP omn any Card
17XXYY is 1. MNMAT {on Card 010001) sets are entered with XX indicating
the material number, XX = 01, 02, ..., NMAT. YY is the card sequence
number for each set, 00<YY<99; the cards are ordered by YY, but YY need
not start at 00 and need not be consecutive. An arbitrary number of
items may be entered on each card.
Wl-1 NXP = Number of points in linear expansion coefficient
table (|NXP|<20)
Positive value indicates no extrapolation;
negative value permits extrapolation
NXP=1, a constant value
W2-R TPX(1)= Temperature (°F)
W3-R TPX(2)= Linear expansion coefficient, (°F—1)
W4~R TPX(3) until NXP points are entered, where

W5-R TPX(4) temperature values are in ascending
oo eon order.



3-88

38. Heat Exchanger Data Cards 21XXYY
This option provides two simplified heat exchanger models; neither
model has heat conduction. NHTX (on Card 010001) sets of data must
be entered with XX = 01, 02, ..., NHTX. YY is the card sequence number
for each set, 00<YY<99; the cards are ordered by YY, but YY need not
start at 00 and need not be consecutive. An arbitrary number of items
may be entered on each card; and if a table is entered, at least one
table pair must be entered.
Wl-I IHTX = Number of data points, 0 meaning flow
and temperature dependent (IHTX=0 or 2< |HTX|< 20)
Positive value indicates no extrapolation; negative
value permits extrapolation.

IHTX=1, a constant value

W2-1 ITHTXQ= Trip number controlling heat exchanger
(2<ITHTX0<20)

W3-L JVOL Volume number

If IHTX = O:
W4-R HTQ = Fraction of power removed by heat exchanger

W5-R TSEC = Secondary side temperature (°F)

W6-R HTXCO = Heat exchanger coefficient

(Btu—sec/hr—°F—1bm)

If HTXCO is entered as zero, then the program
calculates the steady state value as HTXCO =
heat removal rate/(initial flow multiplied by
the temperature difference between the primary
fluid and secondary fluid).

If initial flow is zero, the user must put in a
nonzero value for HIXCO.

The program will always use the input value of
HTXCO if it is nonzero.
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If IHTX >0
W4~R  HTXTBL{1)=Time (sec)
W5-R HTXTBL{2)=Ncrmalized power

We—R HIXTBL{3) Uritil IHTX points are entered, where time values
W7-R HTXTBL{.) are in &scending order

Blockage, Swelling, Gap Reduction Data Card 250001 (if IEMPS =1
on Card 016003)

Wl-1 IRGPIN= Number of external region of fuel pellet (defaults
te 1)

W2-I IRGGAP= Region in heat slab where gap is present
(defaults to 2)
Note: The EM model logic assumes a gap will be
present.

It

W3-1 IRGSW Region in heat slab where clad swelling takes

place (defaults to 3)

W4~R PITCH = Pin pitch in lattice {ft)

W5-R TDELT

Temperature incrementz to be added to actual
temperature to obtain a swelling zone (°F)

. ECC Bypass Input Data Card 260001 (if IEMEC = 1 on Card 010003)

W1-I TACCV(1)
W2-1 IACCV(2)
W3-I TACCV(3)
W41 TACCV(4)

Accumulator volumes

W5-I  ITRIP(1)
We-I  ITRIP(2)
W7-I  ITRIP(3)
W8-I  ITRIP(4)

Trip to open accumulator valve

W9-1 IDNCMV Volume monitored for end-of-bypass

W10-1  VINPUT Velocity above which end-of-bypass occurs in
volume IDNCMV (f:/sec)(downward flow is assumed
positive direction)
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Wil-I  IREMV(1) Volumes from which injected accumulator
fluid is to be subtracted at end-of-bypass.

{(Volumes are adjusted in order as input)
W20-I IREMV(10)

Multiple Pin Clad Rupture Data Cards 270001-270099 (if IEMPS = 1
on Card 010003) :

Wi-I NTABL = Number of points in table (0 <| NTABL [< 25)
Positive value indicates no extrapolation
Negative value permits extrapolation

W2-R TAB1 (1)=Average rupture temperature
W3-R TAB1(2)=Pressure differential across clad (psia)

W&-R TAB1(3) Until NTABl points have been entered
W5-R TAB1(4)
etc.

. Multiple Pin Flow Blockage Data after Rupture: Cards 280001-280099
(if IEMPS=1 on Card 010003)

Wl-I NTAB2 = Number of points in table
(0 <| wram2 |< 25)
Positive value indicates no extrapolation
Negative value permits extrapolation

W2-R TAB2(1)=Percent blockage of flow area
W3-R TAB2(2)=Pressure differential across clad (psia)
W4-R TAB2(3) until NTAB2 points have been entered

W5-R TAB2(4)
etc.

. Single Pin Clad Rupture Data: Cards 290001-290099 (if IEMPS = 1
on Card 010003)

Wl-I  NTAB3 = Number of points in table (0<|NTAB3{<25)
Positive value indicates no extrapolation
Negative value permits extrapolation

W2-R TAB3(l)=Average rupture temperature

W3-R TAB3(2)=Pressure differential across clad (psia)

W4-R TAB3(3) Until NTAB3 points have been entered

W5-R TAB3 (4)
etc.
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44, Single Pin Flow Blockage Data after Rupture: Cards 300001-300099

Wi-I NTAB4 = Number of points in table
(O<NTAB4<25)
Positive value indicaites no extrapolation
Negative value permits extrapolation

W2-R TAB4(l) = Percent blockage of flow area

W3-R TAB4(2)

Pressure differential across clad (PSIA)
until NTAB4 points have been entered

W4-R TAB4(3)
W5-R TAB4 (4)

etc.

Input for Tape Editing

An old plot tape must be mounted on FORTRAN Unit 3. The normal

RELAP4 program is used with the following input definitions

Title Card

The first 12 columns of the last title must be identical to the
first 12 columns of the title card of the problem which is to be edited.

Problem Dimensions Data Card 010001

Wl-1 ILDMP = -3

Number of minor edit wvariables
(0<NEDI<9)

W2-I NEDI

W3-I NTC

Edit frequency control card count
(1<NTC<20)

W4-1 NTRP =0
These are the only control integers required for a tape edit.

Edit Variable Data Card 020000

One card is required if NEDI {on Card 010001) > 0, and the same rules
apply as for the original problem. The quantities being edited need not

have any relation to those of the original run.
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Edit Frequency Control Data Cards 03XXX0)

NTC (on Card 010001) cards must be entered with XXX = 001, 002, ..., NTC.

Wi-T NMIN = Number of plot records per minor edit
{0 is interpreted as 1)

W2-I NMAJ = Number of minor edits per major edit
(0 is interpreted as 50)

W3-R DELTHM

]

Time step size (sec) between plot records; if known
(0O<DELTM)

W4-R TLAST = End of Current edit frequency

control data (TLASTj-1 <TLASTy)

3.9.5  Input for Restarting

An old restart data tape to be used must be mounted on FORTRAN Unit 3
and a blank tape must be mounted on Unit 4. The normal RELAPA4 program is
used with the following input definitioms.

Title Card

The first 12 columns of the last title must be identical to the first

12 columns of the title card of the problem which is to be restarted.

Problem Dimensions Data Card 010001

Wl-1 LDMP = N, the restart number of the old
problem where restart is to begin
(1 <LDMP<999)

W2-I NEDI = Number of minor edit variables
(0<NEDI<9)

W3~-I NIC = Time step card count
(1<NTC<20)

W4-1 NTRP = Number of trip control cards
(0<NTR<20)
NTRP = 0 will cause the trip control values
from the restart tape to be used.
(See 04XXX0 Cards).
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Edit Variable Data Cards 020000

One card is required if NEDI <0 (on Card 010001), and the same rules
apply as for the original problem. The quantities being edited on the
new run need not have any relation to those of the original run.

Time Step Data Cards 03XXXO0

NTC (on Card 010001) cards must be entered with XXX = 001, 002,
«.+os NTC. The same rules apply as for the original problem. The
time—~step sequence on the new run need not have any relation to that of
the 0ld run. No cards referring to problem times previous to the point
of restart will be used, but they may be inputted. A TLAST equal to the
transizsnt time at restart causes difficulties unless that TLAST value
was usad in the old run to be restarted.

Trip Control Data Cards 04XXX0

NTRP (on Card 010001) cards must be entered with XXX = 001; 002, ...,
NTRP. If no trip cards are submitted (NTRP=0), the trip information will
be retrieved from tape as if no break in the problem has occurred.

However, if any trip cards are submitted, all of the original specifications
are erased and only a memory of the time of actuation of trips already
triggered will be retained. Submission of new cards applying to a trip
will turn the trip off and substitute the new specifications. Thus for

a trip to remain actuated once the signal is received, no cards should

be submitted for it; while for a trip not yet actuated, the specifications

"should be resubmitted.
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3.10 Evaluation Model Options for RELAP4-EM

The AEC Evaluation Model is based on a set of computer programs
that were available at the beginning of the Evaluation Model develop-
ment. One of these codes was the RELAP4 computer program. Because
RELAP4-EM was developed by adding models or changing presently available
models in RELAP4E/ to comply with the Commission acceptance criteria,
options exist which are not part of the Evaluation Model. A flag has
been added to the RELAP4-EM input data to specify an Evaluation Model
calculation. The flag is on the Problem Dimension Data Card (Card
010001), ISPROG, and should be specified as 1 to use all the Evaluation
Model optionms.

Other options are available in the RELAP4-EM input data which are
used to perform sensitivity analyses or check calculations. The
options that must be specified for the Evaluation Models are listed
below:

EVALUATION MODEL
OPTION INPUT COMMENT

Card 0100001, Problem Dimension
Data, ISPROG ISPROG = 1 This is the flag that
' specifies all Evaluation
Models to be used.

Card 08XXXY, Junction Data Cards,
JCHOKE, ICHOKE, MVMIX JCHOKE = O The specification of JCHOKE

ICHOKE = 11 and ICHOKE are used to
specify the use of the
Evaluation Model critical
flow model.
MVMIX = 0,1,2,3,4 This input variable

specifies the type of
momentum equation to be
used. It should be
selected on the type of
geometry to be modeled.
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Card 140000, Kinetics Constant NODEL = 3 Specifies the thermal
Data Card, NODEL, KMUL power calculation to be
used.
KMUL = 0 Specifies the ANS standard

to be multiplied by 1.2.

Card 15XXX1, Heat Slab Data
Cards IMCR IMCR = 2 for PWR Specifies the flow film
IMCR = 0 for BWR boiling correlation.

Card 16XXX5, Core Section Data

Cards, ISLBAJ, ISWTAB ISLBAJ = 2 for blowdown Flag to indicate calculation
run to be made after pin
= 1 single pin swelling.
ISWTAB = 0 for blowdown Indicates table to be
Tun used for blockage data.
1l single pin
Card 260001, ECCS Bypass This card is required for
Input Data PWR only.
Card 270000 thru 300000, Pin Clad Multiple and single pin
Rupture and Blockage Data clad rupture and blockage

date.
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MOXY-EM COMPUTER PROGRAM

For boiling water reactors (BWRs), the Commission acceptance
criteria specify the manner by which certain aspects of the analysis
shall be performed. A computer program, MOXY-EM, was developed to
perform the BWR analysis as required by the acceptance criteria. Again
MOXY~-EM was developed by modifying the existing computer program MOXYé/
to provide the additional required capabiiities. The modifications to
and the use of the MOXY-EM program are presented in the following
sections.

The MOXY-EM computer pfogram computes the peak clad temperature in
a boiling water reactor (BWR) fuel elemeni composed of, at the user's
option, either 49 zircaloy-clad fuel rods arranged in a 7x7 square array
or 63 ziracloy~clad fuel rods and one hollow zircaloy rod arranged in
an 8x8 square array. The fuel rod array in both cases is enclosed in an
unperforated zircaloy canister that serves as a boﬁndary for thermal
radiation from the fuel rods. The fuel rods plus canister are
represented, assuming diagonal symmetry, with 28 rods plus a half
canister (Figure 4.1) in the case of the 7x7 array, and with 36 rods
plus a half canister (Figure 4.2) in the case of the 8x8 array.

Conduction heat transfer is computed in each of the fuel rods,
subject to the transient heat flux boundary condition of combined
convection, radiation, and metal-water reaction. For initialization,
the user can choose between a convection boundary condition and a

temperature boundary condition.
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The canistér and hollow rod are treated as a.lumped mass that
receives energy by thermal radiation and loses energy by convection
to fluid flowing axially past it. The hollow rod also reéeives
energy by metal-water reaction. The time of quenching can be input or
computed internally. After quenching, the caniéter or hollow rod is
maintained at the fluid equilibrium éaturation temperature, and the
emissivities are changed to values input by the user.

The basic MOXY-EM radiation and conduction heat transfer models
are unchanged since publication of the original MOXY manual,é/ and
thei; description will not be repeated here. The models added since
the issuance of the MOXY manual are described in the following section.

4.1 Heat Sources and Sinks

4.1.1 Convective Heat Transfer Coefficient

Heat transfer for the channel box and rewetting criteria are
specified by the Commission acceptance criteria. These criteria are
outlined in Appendix K, Part D - Post—Blowdown Phenomena; Heat Removal
by the ECCS, and are stated by:

"6. Convective Heat Transfer Coefficients for Boiling Water Reactor

Fuel Rods Under Spray Cooling. Following the blowdown period, convective

heat transfer shall be calculated using coefficients based on appropriate
experimental data. For reactors with jet pumps and having fuel rods
in a 7 x 7 fuel assembly array, the following convective coeffictents

are. acceptable:
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a. During the period following lower plenum flashing but prior
to the core spray reaching rated flow, a convective heat transfer
coefficient of zero shall be applied to all fuel rods.

b.  During the period after core spray reaches rated flow but
prior to reflooding, convective heat transfer coefficients of 3.0,
3.5, 1.5, and 1.5 Btu-hr  —pt"%F 1 shall be applied to the fuel rods
in the outer corners, outer row, next to outer row, and to those re-
maining in the interior, respectively, of the assembly.

e. After the two-phase reflooding fluid reaches the level
under consideration, a convective heat transfer coefficient of 25
Btu-tr £t 281 shail be applied to all fuel rods.

7.  The Botiling Water Reactor Channel Box Under Spray Cooling.

Following the blowdown period, heat transfer from, and wetting of, the
chanrel box shall be based on appropriate experimental data. For re-
actors with jet pumps and fuel rods in a 7 x 7 fuel assembly array,
the following heat transfer coefficients and wetting time correlation
are acceptable.

a. During the period after lower plenum flashing, but prior
to core spray reaching rated flow, a conmvective coefficient of zero
shall be applied to the fuel assembly channel box.

b. During the period after core spray reaches rated flow,
but prior to wetting of the channel, a convective heat transfer coef-
ficient of 5 Btu-hr Left™ 291 shall be applied to both sides of the

channel box.



c. Wetting of the channel box shall be assumed to occur 60
seconds after the time determined using the correlation based on
the Yamanouchi analysis ("Loss-of-Coolant Accident and Emergency
Core Cooling Models for General Electric Boiling Water Reactors,"
General Electric Company Report NEDO-10329, April 1971)."

Since the blowdown heat transfer is spécified by the criteria
for both calculations of CHF and accéptable heat transfer correlations
(see Sections 3.3 and 3.4), the convection heat transfer coefficient
used in the Evaluation Modél calculations is taken from the RELAP4-EM
restart-plot tape. The source of heat transfer coefficient and core
thermal power used is shown in Figure 4.3.

4,1.2 Convection Heat Transfer

The convection heat transfer coefficients are computed in RELAP4-EM
for each of four groups of rods (shown in Figure 4.2) and for the
canister. The user has the option of either supplying time-~dependent
heat transfer coefficients in the program input for each rod group and
for the canister or using values from a RELAP4-EM generated plot tape.
If values are input from a RELAP4-EM plot tape, the heat transfer coef-
ficient is set to zero between the time lower plenum flashing ends and
the time the core spray reéched rated flow. Both times are user-
supplied values.

The user can choose internally computed heat transfer coefficients
for spray cooling according to either of two General Electric Company

(GE) models, one based on an emissivity of 0.9, the other on 0.7 (the
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model specified in the acceptance criteria), the ANC-3 model; or a
user-supplied FORTRAN subroutine; or the user can supply spray cooling
heat transfer coefficients in the program input. Time-dependent fluid
temperatures can be input either from a RELAP4-EM plot tape or by the
‘user, The program interpolates linearly between points in the tables.

The GE models are given in Table 4,1, and the ANC-3 model is given
in Table 4.2. At a user-supplied time when core spray reaches its rated
flow rate, the coefficients in Tables 4.1 or 4.2 are applied to their
respective rod groups.

The above paragraph describes the options that are available in
MOXY-EM. 1In performing evaluation model calculations, the convection
heat transfer coefficients for the 4 groups are specified as shown
below:

1. Blowdown Convection Heat Traﬁsfer Coefficients

(Initiation of Blowdown to End of Lower Plenum Flashing)

These are obtained from the RELAP4-EM plot-restart tape for all

4 rod groups.

2, Post-Blowdown Convection Heat Transfer Coefficients

a. End of Lower Plenum Flashing to attainment of Rated Flow

on Core Spray. Apply convection heat fransfer coefficient
of h = 0 to all rods and channel box.

b. Rated Flow on Core Spray to Beginning of Reflood Apply

convection heat transfer coefficients of:



TABLE 4.1

GE SPRAY COOLINC HEAT TRANSFZR MODELS

Heat Transfer

Rod Group Number Coefficient ( Btu )
hr—-£ft2-°F
e =0.9 e = 0.7

1 2.0 3.0

2 3.2 3.5

3 1.5 1.5

4 1.7 " 1.5
Canister ' S(a’b) S(a’b)

TABLE 4.2

ANC-3 SPRAY COOLING HEAT TRANSFER MODEL

( Btu )
hr—ft2-°F

Heat Transfer Coefficient

Time from Canister

Quenching (Sec) Red Group 1 Rod Group 2 Rod Group 3 Rod Group 4 Canister
- 2.3 2,3 2.3 2.3 5(2)
- 40 2.3 2.3 2.3 2.3 5
0 3,05 3.05 2.8 2.6 ®)
200 3.5 3.6 0 0 (®)
w 3.6 3.6 0 0 (b)

(a) The coefficient is applied to both the inside and the outside canister
surfaces.

(b) At quenching the canister temperature is set o the fluid saturation temper-
ature, and the canister emissivity is raised to that of liquid water, & =
0.96.

At a user-supplied time when the rod bundle is flooded, the heat transfer
coefficient on all surfaces is increased to 25 Btu/hr—ft2—°F°
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Rods

h = 3.0 Btu/hr-ft2-°F outer corner

h = 3.5 " outer row

h=1.5 " next to outer row

h = 1.5 " remaining in the interior

Channel Box (prior to wetting), both sides

h = 5 Btu/hr—-££2-°F
c. After two phase level is on rods
Rods
h = 25 Btu/hr-ft-!°R
Channel Box
for channel box wetting time uses Yamanouchi
Analysis + 60 seconds

Canister and Hollow Rod Quenching Model

The model used to compute the time at which the canister or the
hollow rod quenches is based on Yamanouchi's analysis of the velocity
of a wetting front as specified in the criteria. Based on the assump-
tion of a linear axial temperature gradient, the wetting front velocity
equation of Yamanouchi can be integrated to give an expression for
quenching time. An empirical fit of the integrated equation to FLECHT

data gives the following equation:

0. T
e h P Ty T, - oo T
o s £ dx 2
where:
t = time to wetting (sec)
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.
Yy = specific weight (:E%)

in

¢ = gpecific heat Ci%ﬁg?ﬁﬂ

Btu
)

hf = heat transfer coefficient on wetted surface ( >
sec~in" -°F

. s Btu
thermal conductivity (sec—in—°F)

o
i

§ = thickness (in)

T = Leidenfrost temperature (°R)

T = saturation temperature (°R)

T ., = maximum temperature of the non-wetted surface (°R)

XM = axial distance below the top to the maximum temperature (in)

af
dx

o
= slope of temperature vs axial position (E%)
As specified by the criteria, 60 seconds is added to the time
determined by the Yamanouchi correlation. This model is then used to

determine the time that both canister and hollow rod quench.

Canister and Hollow Rod Energy Balance

No specific model is specified by the Commission criteria for
performing an energy balance on a canister or hollow rod. The assump-
tions used in the development of the model are:

1. No metal-water reaction takes placé on the canister but is con-
sidered as cccuring on both inside and outside surfaces on the
water vod.

2. The canister and hollow rod are at a uniform temperature throughout.

3. The canister is square in cross-section.
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4. No energy is lost from the exterior surface of the canister or
from the interior surface of the hollow rod.
Expressing the canister and hollow rod energy balances based on
the above assumptions in finite difference form results in a quartic
equation in temperature that can be solved iteratively using a Newton-

Raphson scheme:

4
(r,™ + RTim+l + §=0 an
p.C.V,
et A
R = DENOM (78)
i#]
2 I ej A
Ay Qo) ZOLyg Ay () oMy ) + g Ty AT q
S = - i =1 i ' i (79)
DENOM
€i Ei
DENOM = [1 - A, (=00 61,,]1 A, G- o (80)
1 1

where:

Ti = temperature (°R)

Py = density (J'-P%l)

ft
Ci = heat capacity, (1£;u°§
3
v = yolume (ft7)
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qmw = metal-water reaction heating rate (EEE)
Ty sec
At = time step size (sec)
2
Ai = area (£ft7)
€; = total hemispherical emissivity (dimensionless)
c = Stefan-Boltzmann constant = 4.758 x 10—13(—~——§E§~——z
sec~-ft"-°R
= crs s Btu
h, = heat transfer coefficient ( )
1 2 o
sec—-ft"-°F
Tw = water temperature (°R)
= . . . -1 -2
GIij = elements of inverse-radiation matrix F (ft )
~ . . . ij 2
G.. = elements of radiation matrix A. - ¢( - F,.)(£tT)
ij . 3 1-€, ij
3
S.. = 1 when k = j
1]
= 0 when i # j
Fij = view factor from node i to node j (dimensionless)

Subscripts refer to node number.

Superscripts refer to time step number.

Fuel Assembly Geometry

As meniioned earlier, MOXY-EM has the capability to consider either
a 7x7 or an 8x8 BWR fuel element as a user option. The code has pro-
vision for internally computing view factors as a function of rod diam-
eter and pitch using subroutines extracted from the VIEWPIN code.

The geometries for the 7x7 and 8x8 arrangements are presented in

Figures 4.1 and 4.2,
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Input Data Description for MOXY-EM

Information required to execute the MOXY-EM computer program
includes job control cards and punched-card input data. Because job
control cards are facility-dependent, they are not presented herein.

The required punched-card input data are defined in terms of the overall
drganization of a data deck, the optioﬁs required to meet the Evaluation
Model requirements, and a data card summary.

Data Deck Organization

A MOXY case consists of a title card, optional comment cards, data
cards, and a terminator card. A listing of the cards is printed at the
beginning of each MOXY case. The order of the title, data, and comment
cards is unimportant except that the last title card or the last data
card with a duplicate card number will be used.

When a card format error is detected, a line containing a dollar
sign ($) located under the character causing the error and a comment
giving the card column of the error is printed. An error flag is set
such that iﬁput processing continues, but the case is aborted at the
end of input processing. Often another error comment is produced
during input processing when the prégram attempts to process the
erroneous data.

Title Card

A title card must be entered for each case. A title card is

identified by an equal sign (=) as the first nonblank character. The

title (the remainder of the title card) is printed as the second line
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of every page. The title card is normally placed first in the
problem.

Comment Cards

An asterisk (*) or a dollar sign (S)vappearing as the first
nonblank character identifies the card as a comment card. Any informa-
tion may be entered on the remainder of the card. Blank cards are
treated as comment cards. The only processing of comment cards is
printing of contents., Comment cards may be placed anywhere in the
input deck.

Data Cards

The data cards contain a varying number of fields which may be
integer, floating point, or alphanumeric. Blanks preceding and
following fields are ignored.

The first field on a data card is a card number which must be an
unsigned integer. 1If the first field has an error or is not an integer,
an error flag is set. Consequently, data on the card are not used and
the card will be identified by the card number in the list of unused
data cards. After each card number and the accompanying data are read,
the card number is compared to previously entered card numbers. If a
matching card number is found, the data entered on the previous card
are replaced 5y the data on the current card. If the card being pro-
cessed contains only a card number, the card number and the data entered
on the previous card are deleted. If a card causes replacement or
deletion of data, a statement is printed indicating that the card is a

replacement card.
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Comment information may follow the data fields on any data card by
preceding the comment with an asterisk or dollar sign.

A number field is started by either a digit (0 through 9), a sign
(+ or ), or a decimal point(.). A comma or a blank (with one exception
subsequently noted) terminates the number field. The number field has
a number part, and optionally, an exponent part. A number field without
a decimal point or an exponent is an integer field; a number field with
either a decimal point, an exponent, oxr both is a floating-point field.
A floating-point field without a decimal point is assumed to have a
decimal point immediately in front of the first digit. The exponent
denotes the power of ten to be applied to the number part of the field.
The exponent part is a sign, an E or D, or an E or D and a sign
followed by a number giving the power of ten. These rules for floating-
point numbers are identical to those for entering data in FORTRAN E or
F formatted fields except that no blanks (one exception noted later)
are allowed between characters. Floating-point data punched by FORTRAN
programs can be read. To permit reading of such data, a blank following
"an E or D denoting an exponent is treated aé a plus sign. Acceptable
ways of entering floating-point numbers are illustrated by the following

six fields all containing the quantity 12.45:

12.45,+12.45,1245+2,1.245+1,1.245E1,1.245E+]
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A field starting with a letter is an alphanumeric field. The
field is terminated by a comma, a blank, or the end of the card. All
characters except commes and blanks are allowed.

Terminator Cards

The input data for cases are separaied by slash cards; the
final problem is termicated by a period card instead of a slash card.
The period card also serves as the separator between problem sets.

The slash and period cards have a (/) and (.), respectively, as the
first nonblank character. Comments may follow the slash and period
on the slash and period cards.

When a slashk card is used as a terminator, the list of card
numbers and associated data used in a case is passed to the next case.
Cards entered for the next problem are added to the passed list or
act as replacement cards depending oo the card number. The resulting
input is the same as if all previous slash cards were removed from the
input to the problem set.

When a pericd carc is used as & terminator, &ll previous input
cards are evased before the input to the next problem is processed.

Evaluation Model Options for MOXY-EM

The Evaluation Model was developed to calculate the peak
cladding temperature for a BWR; the previously developed MOXY com-
4/

puter program— was used as a basis for this development. Since

MOXY~EM was developed by adding analytical models and modifying
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previous developed models to conform with the Commission acceptance

criteria, options are available which are not part of the Evaluation

Model. These options were made available to perform either studies

of sensitivity to certain models or to audit calculations. The

- options that must be used for an Evaluation Model calculation are:

Option

Source term
Metal-water reaction

Convection heat
transfer

Initial surface tempera-

ture distribution

Fluid temperature

Convection heat trans-~
fer coefficient

Normalized power, heat

transfer coefficient,
fluid temperature

Gap conductance
Metal-water reaction

multiplier

Spray cooling model

Evaluation Model
Selection

Time-dependent
Calculated
Calculated
Computed from surface
heat transfer
coefficient
Time-dependent
Time-dependent
Input from direct-
access files that
are derived from a

RELAP4-EM plot tape

Internally computed

1.0

GE model (¢ = .7)

Non-EM Alternatives
Possible

Can be constant
Can neglect

Can neglect

Can input initial
surface tempera-
ture distribution

Can be constant

Can be constant

Can be input with
punched card data

Can be input with
punched card data

Any positive number

Can be input with
punched card data,

can select GE model

for € = 0.9 can select
ANC-3 model, or can
provide own model as
FORTRAN subroutine
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Evaluation Model Non-¥M Alternatives
Option Selection Possible
Quenching Time Internally computed Can be input with punched

by Yamanouchi correlation card data

Hollow rod and solid Internally computed Can be input with punched
rod quenching time by Yamanouchi card data
correlation
Temperature jump Value input Can be computed internally
distance
Time lag to be added 60 sec Any finite number

to Yamanouchi calcu~
lated quenching time

Heat of reaction for 2800 Btu/lbm Can select one of two
zirconium-water reaction different temperature-
dependent functions or
provide own function as
FORTRAN subroutine
When the user makes the complete set of Evaluation Model selections
itemized above, the page heading label is changed to reflect the fact
that an Evaluation Model calculation is being performed. (MOXY/MOD0O30
becomes MOXY-EM/030.) The user can make each selection directly through
the punched card data, or he can have the program make the appropriate
selections for him. 1In either case, the input data are extensively
checked for errors and for whether the Evaluation Model selections
have been made correctly. If no errors have been found, and if the
Evaluation Model selections have been made correctly, the page heading

label is changed and a message advising that the Evaluation Model

assumptions have been met appears in the printed output data. The
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page heading label also appears on any plots made from the resulting
plot tape. Thus, only when the Evaluation Model assumptions are met
will MOXY-EM program output be flagged as EM output.

Data Card Summary

In the follbwing description of the data cards, the card number is
given along with a description of the data contained on the card.
Next is given an explanation of the data on the card and a Aesignation
whether the data item is integer, real, or alphanumeric as I, R, or A,
respectively., Units, unless otherwise'designated, are specified as
length in inches, mass and force in pounds, time in seconds, energy in
Btu, and temperaturé in degrees Fahrenheit.
1. Title Card

The title (with the equal sign replaced by a blank) is printed as

the second line on each page of printed output data.

2, T or F Option Card 010001

Field Field Name of

Number Format Parameter Function of Parameter

1 A ABRV T to print only surface mesh-
point temperatures, F to print
all mesh-point temperatures

2 _ A EQSWLR T to force all swollen rods to
have the same final radius, F to
input values for final radius

3 A ARYNAM BWR5 to select 7x7 array with all

active rods, BWR6 to select 8x8
array with 63 active rods and omne
hollow zircaloy inactive rod,

IIIF to select 7x7 array with 48
active rods and one solid zircaloy
inactive rod, VB to select 8x8
array with 60 active rods and four
solid zircaloy inactive rods, and
anything else to select a general
array
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Field Field Name of
Number Format Parameter
4 A SRCE

5 A LMWR

6 A LCONV

7 A LCON

8 A LCS

9 A LSTM
10 A THETDA
11 A GAPCAL

Function of Parameter

T for time—dependent decay heat-
ing, F for constant

T to consider metal-water reac-
tion, F to ignore

T to consider convection, F to
ignore

T to intermnally compute rod
initial surface temperature, F
to provide as punched-card input
data

T for time-dependent fluid tem—
perature, F for constant

T for time-dependent heat transfer
coefficient, F for constant

T to select time-dependent

normalized power, surface heat
transfer coefficient, and fluid
temperature from direct access
devices; ¥ to provide in punched
card input

T to internally compute gap heat
transfer coefficient, F to pro-
vide as punched card input data

Fields 4-~11 can be omitted. This will give the Evaluation Model

Values of T for each parameter.

Skip to card 010101 if general array was not selected.
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Rod Type Cards 010011 - 010020
Field Field Name of
Number Format Parameter
1 I RODTYP (1)
N-1 I RODTYP (N-1)
There are N-1 rods.

N.

Function of Parameter

Type of rod 1.

ec e

Type of rod N-1.

The canister is referred to by the designation

Up to 9 types of active rods (Typeé 1-9) and two types of inactive

rods (Type 10 - hollow rod and Type 11 - solid rod) are allowed.

Rod Length Card 010021

Field Field Name of
Number Format Parameter
1 R RODL

Function of Parameter

Fuel rod length in feet.

If card is not present, or if no entries are made on card, RODL

is set to

12 feet.

Integer Option Card 010101

Field Field Name of
Number Format Parameter
1 I NTSETS

2 I NOSETS

3 I M

Function of Parameter

Number of time step sets, (< 10)

Number of print interval sets,
(£ 10)

Number of decay heating-time pairs
in considering time-dependent
decay heating (< 50) - Must equal
1 if SRCE is F. Uses built in
ANS+207% values if 0. Ignored if
THETDA is T.
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Field Field Name of
Number Format Parameter
4 I L

5 I LL

6 1 NRECYC

7 1 I™

8 I LINPG

9 I IHGR
10 I ISPR

Function of Parameter

Number of heat transfer coef-
ficient ~ time pairs in consid-
ering time-—dependent heat
transfer coefficients (< 50) -
must equal 1 if LSTM is false.
Ignored if THETDA is T.

Number of fluid temperature-
time pairs in considering time-
dependent fluid temperature -
(<50) - must equal 1 if LCS is
F. 1Ignored if THETDA is T.

Maximum number of outer itera-
tions to balance canister tem-
perature with rod temperatures.

Maximum number of inner itera-
tions allowed to balance tem-
peratures of rods and canister
individually.

Selects 60 or 80 lines per page
of printed output. Any value
chosen other than 60 or 80 causes
printer to print over perforations
between pages.

Sets option for volumetric heat
generation rate. If 1, value is
input directly in Btu/sec in3.
If 2, value is computed from
kW/ft (MAPLHGR); if 3, value is
computed from reactor thermal
power in MW, number of fuel
elements, and bundle and axial
peaking factors.

Sets option for spray cooling
model. . If 0, input own tables
with heat transfer coefficients;
if 1, uses GE model with £ = 0.9;
if 2, uses GE model with € = 0.7;
if 3, uses ANC3; if 4, uses user-
supplied FORTRAN subprogram.
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Field Field Name of
Number Format Parameter
il I IHR

12 I IQUEN

Function of Parameter

Sets option for metal-water heat
of reaction computation. If 1,
uses constant value; if 2, uses
slightly conservative temperature-~
dependent function; if 3, uses
best estimate temperature-
dependent function:; if 4, uses
user-supplied FORTRAN subprogram.

Sets option for canister and
inactive rod quenching model.
If 1, uses Yamanouchi, if 2,
allows user-supplied model.

Fields 10-12 can be omitted, giving Evaluation Model values for

parameters.

Time Step Data Cards 020001 - 020100

Field Field Name of
Number Format Parameter

1 R DT1(1)

2 R TDT(1)

3 R DT1(2)

A R TDT(2)
2(NTSETS)-1 R DT1(NTSETS)
2 (NTSETS) R TDT (NTSETS)

TDT(NTSETS) is transient end time.

allowed.

Function of Parameter

First time step size
Time to change from first time

step size to second time step
size

Up to 10 time step sizes are
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Number Format Parameter

1 I NDR(%, 1)
NDR(Z,2)

NDR(ZI,3)

NOUT? (NOSETS)

owed,

Funcilon of Parameter

Number =f space gteps in fuel

)
(]
o

Number =f space sieps in gap

Munber =f space stfeps in ciladding

Frel Rod Gecmetry Tata Caxds 03G101 = C33159%s%%

vaTyL :
° (4
Inr o

fuut

0 is effeactively (301II subject

ebiz I is set within the Code accovding to the Red Type
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Field Field Name of
Number Format Parameter
1 R REGSZE(1,1)
2 R REGSZE(I,2)
3 R REGSZE(I,3)

e o o e s e

Card Number 030100 + II:

Field Field Name of
Number Format Parameter
1 R REGSZE(I,1)
2 R REGSZE(I1,2)
3 R REGSZE(I1,3)

Cards in this group must be in serial order.

Funcétion of Parameter

Radius of fuel pellet (Rod Type 1)
Radial gap thickness (Rod Type 1)

Radial cladding thickness (Rod
Type 1)

Function of Parameter

/
Radius of fuel pellet (Rod Type
1)

Radial gap thickness (Rod Type
II) :

Radial cladding thickness (Rod
Type II)

One card must be

provided for each unique rod type used.

Geometry Data Cards 030110 - 030111

Field Field Name of
Number Format Parameter
1 R REGSZE(I,1)
2 R REGSZE (T,2)

Function of Parameter

Radius of solid inactive rod
(1I=11) or inside radius of
hollow rod (II=10).

Radial hollow rod wall thickness
(11=10).
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Geometry Data Card 030201

Field Field Name of

Number Format Parameter Function of Parameter

1 R P Rod pitch

2 R SL Distance between inside flat
surfaces of canister

3 R REGSZE(N,1) Thickness of canister

Geometry Data Cards 030301 - 030400

Field Field Name of

Number Format Parameter Function of Parameter

1 R R3(1) Ruptured rod radius of Rod 1

2 R R3(2) Ruptured rod Radius of Rod 2

N R R3(N-1) Ruptured rod radius of Rod N-1

N is number of rods. If EQSWLR is T, card can be omitted or one
entry can be made. Omitting the card gives a rupture rod radius

for all rods equal to half the pitch, and making an entry gives a
ruptured rod radius equal to that value. If EQSWLR is F, N-1 entries
must be made. |

Core Spray Initiation Time Data Card 040001

Field Field Name of
Number Format Parameter Function of Parameter
1 R TSPRAY Time at which core spray reaches

rated flow rate
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Ingctive Rod Quenching Time Data Sard 040101

{Cmit if avray contains all active rods)

Field Field Name of

Number Format Parameier Function of Parameter

i R TQR or HF Rod quenching time or heat
transfer coefficieni on wetted
pertion of hollow rod in Btu/hr-
£c2-°F

2 R RDTDX Axial Temperature gradient on
hollow rod

3 R XM Distance from top of core to
axial hot spot

4 R TLEID Leidenfrost temperature

5 R DTIME Time lag to be added to Yamanouchi-
calculated quenching time, 60 if
omitted

If rod quenching time is to be input, it should be the only number
on the card. At least four fields are used if the rod quenching

time is to be internally computed,

_Canister Quenching Time Data Card 040201

Field Field Name of

Number Format Parameter Function of Parameter

1 R TQ or HF Canister quenching time. Heat
transfer coefficient on wetted
portion of canister ia Btu/hr-ft
~°F

2 R DTDX Axial temperature gradient on

canister
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Tield Field Name of
Number Format Parzmeter
5 R XM

4 R TLEID

£ B DTIVE

T e

number on the card.,

Function of Pzrameter

Distance from tcp of core to axial
hot spot

Leidenfrost temperature
Time lag to be added to Yamanouchi

czlculated quenching time, 60 if
omitted

If canistexr quenching time is to be imput, it should be the only

At least four fields are used if the rod

uenching time is to be internally computed.
(&)

Reflooding Time Data Cawrd 0403C1

Field Field Name of

Number Format Parameter

1 R TFLOOD or
FLDRT

2 R PLNVOL

Funcition of Parameter

Refloeding time, volumetric
reflooding rate

Voiume to be refilled

If only one entry is made, It is taken as ~he veflooding time.

If twec entries are made, reflooding time is PLNVOL/FLDRT.

Initial Surface Temperature Data Cards 050001 - 050100 (Omit if

LCON is T)

Field Field Name of
Number Format Parzmeter
1 R T(1,NN)

2 R T(2,NN)

N R T(N,NN)

Fuanction of Parameter

Initiai surface temperature of
Rod 1

Initial surface temperature of
Rod 2

Initial surface remperature of
canisier
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Power Data Cards 060001 - 060100 (Omit is THETDA is T or M = 0)

Field Field Name of
Number Format Parameter
1 R SORDK (1)
2 R DKTIM(1)
2M-1 R SORDK (M)
M R DKTIM(M)

Up to 50 points are allowed.

Function of Parameter

First value of normalized power

First value of time

Mth value of normalized power

Mth value of time

Rod Group 1 Heat Transfer Coefficient Data Cards 070001 - 070100

(Omit if THETDA is T)

Field Field Name of
Number Format Parameter
1 R HZ5(1)

2 R TZ5(1)
2L-1 R HZ5 (L)

2L R TZ5(L)

Up to 50 points are allowed.

Function of Parameter

First value of heat transfer

‘coefficient for rod group 1 (heat

trinsfer coefficient in Btu/hr-
ft“-°F)

First value of time

Lth value of heat transfer coef-
ficient for rod group 1

Lth value of time

Rod Groups 2 - 4 and Canister Heat Transfer Coefficient Data Cards

070101 - 070500

(Omit if ISPR > 0 or THETDA is T)

Same as Rod Group 1 for Rod Groups 2 - 4 and canister.
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21. Fluid Temperature Data Cards 080001 -~ 080100 (Omit if THETDA is T)

Field Field Name of

Number Format Parameter Function of Parameter

1 R TSINK(1) First value of fluid temperature
2 R TME(1) First value of time

2(LL)-1 R TSINK(LL) LLth point of fluid temperature
2(LL) R TME (LL) LLth point of time

Up to 50 points are allowed.

22, Volumetric Heat Generation Rate Data Card 090001

Field Field Name of

Number Format Parameter Function of Parameter

1 R QVA See below

2 1 NBNDLS Number of bundles in the reactor

If THGR is 1 or 2, only one value should be on the card. 1If THGR
is 1, the value should be QVA in Btu/sec-in3; if 2, the value
should be the value for maximum average peak linear heat generation
rate (MAPLHGR) in kW/ft; if 3, two values should be on the card:
the first field is reactor thermal power in MW, and the second
field is the number of bundles in the reactor. In all cases, the

power applied to the fuel of Rod I is (QVA) (RPF) (APF) W(I).
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23. Bundle and Axial Peaking Factor Data Card 090101

Field Field Name of

Number Format Parameter Function of Parameter
1 R RPF Bundle peaking factor

2 R APF Axial peaking factor

If THGR is 1 or 2, this card may be omitted, with RPF and APF
assuming values of unity, or a single peaking factor may be
provided, with the other peaking factor becoming unity. If IHGR
is 3, both peaking factors must be provided.

24, . Local Peaking Factor Data Cards 090201 - 090400

Field Field Name of

Number Format Parameter Function of Parameter

1 R w(1) Peaking factor of Rod 1

2 R W(2) Peaking factor of Rod 2
N-1 R W(N-1) Peaking factor of Rod N-1

25, Rod Swelling and Rupture Data Card {(100001)

Field Field Name of

Number Format Parameter Function of Parameter

1 R TRUPT Rupture temperature

2 R DTSWL Swelling temperature range -

swelling temperature is
(TRUPT - DTSWL)
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re=gquench and queanched canister emissiviiies are set

according

Matal-Warte

In

=

valve, 1II three, the hollow rod emissivity is
chat of the fuel rods. If four, all values are s=t
ues on the data card.
tion Daita Cerd 120001
Name of
FParsmeter Tuncition of Parameter
XMWR Metal water reac:ion rate
multiplier
CXTK Inicial external oxide thickness

CXTKCN
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cards. If two, a uniform oxide thickness equal to the second

value is applied to the interior and exterior of all rods. If

three, a uniform oxide thickness equal to the second value is

applied to the exterior of all rods, and a uniform oxide thickness

equal to the third value is applied to the interior of all rods.

If the card is omitted, the effect is the same as for one entry,

except that XMWR assumes. a value of unity.

28. External Oxide Thickness Data Card 120101 - 120200 (Omit if more

than one entry on card 120001)

Field Field Name of

Number Format Parameter Function of Parameter

1 R OXTK (1) Initial external oxide thickness
of Rod 1 '

2 R OXTK (2) Initial external oxide thickness
of Rod 2

N-1 R OXTK(N~1) Initial external axial thickness
of Rod N-1

29, Internal Oxide Thickness Data Card 120201 ~ 120300 (Omit if more

than one entry on card 120001)

Same as external oxide thickness.

30. . Fuel Fractional Density Data Card 130001

Field Field Name of
Number Format Parameter Function of Parameter
1 R FRDEN Fraction of theoretical fuel

density of fuel in rods
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Steam Pressure Data Card 240001

Field Field Name of
Number Format Parameter Function of Parameter
1 R STPR Steam pressure in core

Cap Coefficient Data Card 150001 (Omit if GAPCAL is F)

Field Field

Name of

Number Format Parameter Function of Parameter

1 R CONCON Contact conductance fgr fuel and
cladding in Btu/hr-ft“-°F

2 R El Emissivity of fuel surface

3 R E2 Emissivity of cladding interior
surface

4 R PGAS Fission gas pressure

5 R RUFF Arithmetic average surface
roughness for fuel

5 R RUFCL Arithmetic average surface
roughness for cladding

7 R TIUMP Temperature jump distance, can

be set to zero by omitting.

Fission Gas Composition Data Cards 150101 - 150200 (Omit if

GAPCAL is F)

Field Field
Number Format

Name of
Parameter Function of Parameter

1 R

MOLEFR(1,1) Mole fraction of helium in fission
' gas of Rod 1

MOLEFR(2,1) Mole fraction of argon in fission
gas of Rod 1



34,

(93]
=i
iR
o
t—J
=
iy
2y}
L)
(€8]
w
[
St

L
2]

@)
b

6{N-1)-5 R MOLEFR (1 ,N~1)
6(N-1)-& R MOLEFR {2 ,N-1)
6(N-1)-3 R MOLEFR(3,N-1)
65(N-1)-2 R MOLEFR (4 ,N-1)
6(N-1)-1 R MOLEFR(5,N-1)
6 (N-1) R MOLEFR(6,N-1)

Mole fracition of
gas of Rod N-1

Mole fraction of
gas of Rod N-1

Mole fraction of
gas of Rod N-~1

Mole fraction of
gas of Rod N-1

Mole fraction of
gas of Rod N-1

hydrogen in fission
nitvogen in fission
krypton in fission

xenon in fission

If only six values are provided, all rods are assumed o have the

same fission gas composition.,

Iinitial Fuel-Cladding Gap Heat Transfer Coefficient Data

Cards 160001 - 160100 (Omit if GAPCAL is T)

Fielid Field Name cf

Numbexr Format Parameter Function of Parameter

L R CAPCON{1} Initial gap heat transfer cozi-
ficiant for Red
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Field Field Naxe oI
Number Format Parameter

2 R GAPCON (2)
N-1 R GAPCON (N-1)

Func:tion of Parameter

Initial gap heat transfer coef-

ficienrt for Rod 2

Initial gap heat transfer coef-
ficient for Rod N-1

Fuel-Cladding Gap Heat Transfer Coefficient Data

35. Post-rupture

Cards 160101 - 160200 {Omi:z if GAPCAL is T)

Field Field Name of
Number Format Parameter
i R GAPC2 (1)

2 R GAPC2(2)
N-1 R GAZCZ {(N-1)

Function of Parameter

Fosi~-rupture gap heat transier
ccefficient for Rod 1

Fost-rvupture gap heat transfer
coeffizient for Red 2

Fost~rupture gep heat transfer
fficient for Rod N-1






RELAP4~-FLOOD COMPUTER PROGRAM

The Commission accéptance criteria for acceptable Evaluation Models
specify several special capabilities related only to the reflooding
portion of a PWR LOCA analysis. To perform a reflooding analysis as
required by the Commission criteria, the RELAP4-FLOOD computer program
wvas developed. The RELAP4-FLOOD computer prégram is a special adaptation
of the RELAP4-EM computer program designed to predict the thermal and
hydraulic response of a pressurized water reactor (PWR) during the
reflood phase of a loss-of-coolant accident. Again much of the basic
RELAP4~EM input (Section 3.9) structure is maintained and only the
modifications are presented here. Modifications to the RELAP4-EM pro-
gram were required to account for the nonequilibrium effects upon the
core heat transfer and carryover rate fraction. Special models were
also developed for the steam generator secondary system heat transfer
as required by the acceptance criteria and to better represent the
separated two-phase flow in the broken loop cold leg nozzle.

The RELAP4-FLOOD program uses the basic RELAP4-EM program capabilities
to calculate the thermal and hydraulic response in the‘primary system
during reflood. RELAP4-EM provides many capabilities desirable for
the reflood calculations, including:

1. Solution of the mass, momentum and energy conservation equations

for compressible flow,
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2. Solution for wall friction as a function of Reynolds number and
a two-phase multiplier,
3. Calculation of pressure changes for area changes,
4. Pump model capabilities to simulate pump coastdown or locked
rotors (pump assumed to be running with a very low pump speed),
5. Calculation of momentum flux in the momentum equation and
kinetic energy terms in the energy equation,
6. Calculation of heat transfer from hot surfaces and steam
generators.
To meet the Commission criteria, modifiﬁation or expansion
of the RELAP4-EM calculation procedures were necessary in several key
areas. These areas include core heat transfer, core carryover rate
fraction, steam generator secondary heat transfer, and stratified two-
phase flow in the broken loop cold leg nozzle. These modifications
are discussed in the following sections.
Core Model
The Commission acceptance criteria specify certain models that
should be used during core reflooding rate calculation. The criteria

applicable to the reflood portion of a LOCA are:

"3, Caleulation of Reflood Rate for Pressurized Water Reactors.
The refilling of the reactor vessel and the time and rate of reflooding
of the core shall be calculated by an acceptable model that takes into

consideration the thermal and hydraulic characteristics of the core and
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Experimental studies of reflood core heat transfer have shown that
the fluid phases are not in equilibrium. Conventional heat transfer
models in RELAP4-EM cannot predict core heat transfer during reflood
due to the non-equilibrium between phases. In addition, the advancing
front and flow regime boundaries thch are known to occur during reflbod
result in transient liquid entrainment and mass storage effects which
cannot be accurately predicted using the RELAP4 homogeneous assumptions.
Consequently, empirical correlations are used and a core model was
developed to account for the experimentally observed phenomena. The
core model output includes the core heat transfer, the cbre outlet
enthalpy, the core pressure, and the core outlet flow rate.

The reactor core is represented by a single fluid volume and up
to 12 axially stacked heat slabs with the exact number being the
user's option.

Core Heat Transfer

The core heat transfer coefficients are calculated from two
empirical heat transfer correlations which were developed from data
obtained in the PWR FLECHT program. The correlation reported by
Westinghouse Electric Corporation in the PWR FLECHT documentsgélgz/
is used for core heat slabs at elevations of 3 feet or greater. A
correlation developed at Aerojet Nuclear Company is used for heat slabs

at elevations of less than 3 feet. Both correlations are of the form:

h=nh (Vin’ Q , P, T

max init’ ATsub’ B, t) (81)



where:
h = heat transfer coefficient, Btu/hr—ft2~°F
Vi = core inlet flow velocity, in/sec (referred to herein as
n flooding rate)
= d i -kW/f
Qmax peak power density, kW/ft
P = pressure, psia
et . o
Tinit initial peak cladding temperature, °F
= i °
ATsub ECC subcooling, °F
B = fraction of channel blockage
t = time after start of reflood, seconds

The following restrictions have been applied when calling the
subroutine that computes the heat transfer coefficient for the PWR
FLECHT heat transfer correlation referenced above:

V. > 10 in/sec, V.,

in iq = 10 in/sec ’ (82)
Vin < .4 in/sec, Vin = .4 in/sec (83)
Z >8ft, 2 =28 ft : (84)
Z <4 ft, Z = 4 ft (85)

The Aerojet heat transfer coefficient is used for core elevations

less.than 3.0 ft. The correlation is:

h = HA + HB + HC (86)
where:
vA
HA = 2. + (lltp/(Z+l)2'5) [vin]"*67 +.0583 (87)
HB = (.05Z+3) t v‘8 )— —LRL?‘————_, (88)
. p in &P 3Z + 13 |
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%2>
tP = adjusited time {sac)
Z = core elevaiicn (<3.0) (ft)
Viﬂ: flooding velcecity (in/sec)
A
= power deansi: kw/ft
Qax = P y (kw/fe)
with the additional restrictions of :
it <, HC=0 (93)
ife >¢,+C_HC=0 o4
p— Z t (94)

RELAP4~FLOOD input requires a FLECHT heat transfer data card which
includes the core inlet subcooling, maximum initial cladding temperr
eture at bottom of core recovery (BOCREC), peak power density (kW/fi),
channel blockage fraction, and heai transfer due to radiation immediately
preceding reflood. Both correlations are valid only uniil the heat

_ , 2

transfer coeif

£

icient reaches 50 Btu/hr-ft™-°F, after which the coeificient
this value unitil the slab begins to guench. The

- o

APE-FLOOD cove modal assumes that the cladding temperature must be




less thar or equal o a defined guench temperature before quenching can
begin. The heat transfer coefficient, therefore, is not allowed to
exceed 50 Btu/hr—ft2—°F before the guench temperature is rveached. After
the quench temperature is reached, the heat transfer coefficient is
increased to 1000 Btu/hf*ft2~°F over a time period which approximates
the time required for the quench front to move ithe leng:ih of the heat
slab. The reflood heat transfer coefficientc and the assumption presented
are not used to gensrate a peak clad temperaturz. This model is used to
calculate the steam generation rate in the cére during reflood only.
The peak clad temperature analysis is performed using the TOODEE2Z program
and the reflood rates generated from RELAP4~FLOCD. TOODEE2 uses the
flooding rates and a modified Westinghouse FLECET correlation to calculate
the heat transfer coefficients used for the hot pin analysis.

The quench temperature model used is one developed by Henry— and is
a function of pressure. RELAP4-FLOOD approximates Henry’s equation in
tabular form for weier. The juench time for the heat sisbs is calculated
from the carryover rate fraction (TXF) correlaiion usad. The carryover
rate fraction ecorrelations in RELAP4-FLCOOD account only for mass storage

below the cquench fzont and thus thz CRF can be 2xpressed as:

v
CRF = 1 - = {95)
kY
in
where:
V. = zore inlet velocity
in
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Solving for Vq gives:
Vq = Vin(l -~ CRF). (96)
The time required to quench a heat slab of length AL is given by

£, = AL/Vin (1 - CRF). 97)

The heat transfer coefficient correlations were developed from
data obtained with constant flooding rates. The flooding rates during
an actual reflood transient are expected to vary with time; therefore,
the heat transfer correlations were modified to allow for variable
flooding rates. The mass integral method and equations given in
the PWR FLECHT documentszélgzj were extended to utilize the time-dependent
integral of a continuously changing flooding rate as opposed to the step
change in flooding rate analyzed in the PWR FLECHT Report.gélgz/

Core Outlet Enthalpy

Two core outlet enthalpy model options are provided in RELAP4~FLOOD.
Thé first option allows the user to gpecify a core outlet enthalpy which
is held constant through the run. The second option utilizes a model
which was developed to account for liquid storage in the core below the
moving quench front. The option on core outlet enthalpy model is
specified by IHM‘on the program option card described in the input
section. If the constant outlet enthalpy option is selected, the
desired enthalpy muét be speéified on the core outlet enthalpy data

card.



5.1.3

5.1.4

5-9

Core Pressure

The thermodynamic equilibrium pressure which is calculated in
RELAP4~FM may be significantly different from the non-equilibrium core
pressures expected during reflood. Thermodynamic equilibrium will,
however, be reached in the upper plenum during reflood. RELAP4-FLOOD,
therefore, sets the core pressure equal to the upper plenum pressure
plus the appropriate friction gain and gravity head.

Core Qutlet Flow Rate

The core outlet flow rate during reflood has been correlated from
experimental data as a function of the carryover-rate fraction (CRF).

The CRF is defined as:
W ()
- out
CRF(t) = ¢ ) (98)

in

where Win is the mass flow rate into the core and wbut is the mass
flow rate out of the core. SuBroutines have been written to provide
*he three optional CRF correlations. The subroutine to be used is
specified as IENT on the program option card described.

Each of the correlations assumes a small CRF until a critical
water level in the core is reached, after which the CRF increases
rapidly until a maximum is reached.

Two of the correlations were developed by the Aerojet Nuclear

Company. These correlations result in the CRF as shown in Figure 5.1.

The Aerojet Nuclear Company correlation A requires that the final
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EN 2

HEIGHT OF LIQUID IN CORE

Figure 5.1 ANC Carryover-Rate-Fraction Model



If HCL < HC < HCZ:

CRT = .0D024 -+ -

If HC > EC2:

CRF = EN2

HC = mixture Level iz core (fi)

»
W
V5]

At
s

(201)

HCL = level for entralament inliiation (ft)

HCZ = level for maximum entrairment

ENZ = maximum zntrainmeni value

The =sntrzainment calculated by the Aero’eif ccrrelation B is determined

using tae following equetioms.

computed by:

1
-

EN2 = 1

The maximum entrainment value is

{152

and the critical hedght for enirainmen: initiation 4is:
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a 0.67

BCl = 1.04Vin (103)
and:

HC2 = HC1 + 0.5 (104)
where:

Vin = core inlet velocity (in/sec)

Tq6 = estimated quench time (seconds) for the six foot elevation.
‘These data define the CRF value:

CRF - —EN2 - .0024

exp (HCI-HC2) -1 [eXpl (HC1-HC)-1] + .0024 (105)

The 6 ft quench time Tq6 is obtained from the expression given by
the Westinghouse heat transfer correlation.
The third correlation was developed by Babcock and Wilcox Companygg/

and requires no input. The carryover rate fraction is defined by:

CRF = H #* T1 * T2 * T3 * T4 * T5 (106)
where:
T, = A epr A G ] © (107)
T, =1 - exp A0 7 (108)
| L T34
-A.v 7
Ty =1- exp[ _;L_j (109)
T, - expl 57 (110)
4 140

—
il

Z-1.5
5 1- exp]_—A5 3 ] (111)
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A.o = ,9739 A3 = 12.6124 (112)
A, = .0209 A, = .0558 (113)
A, = 4.3648 Ay = 23.5254 (114)
P = core pressure {(psi)

Q = core power density (peak) (kw/ft)

V = flooding velocity (in/sec)

At = mixture level in core (ft)

Z = misture level in core (ft)

T = term (a temporary storage location in the computer program)
H=0if Z < 1.0 ft (115)
H=1if z > 1.0 ft (116)

The RELAP4-FLOOD program sets the core outlet flow rate equal to
the product of the core inlet flow rate and the carryover rate fraction.

Steam Generator Primary-to-Secondary Heat Transfer

A requirement of the Commission acceptance criteria is that heat
transfer between the primary and secondary system be considered.
Requirements are given in the criteria by:

7. Pressurized Water Reactor Primary-to-Secondary Heat

Transfer. Heat transferred between primary and secondary systems
through heat exchangers (steam gemerators) shall be taken into account.

(Not applicable to Boiling Water Reactors.)"
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steam ganerator fvom the secondary to ps side. A two-~

senevatoy and is ceonverted o superheated steam. This coanversion
process leads to the "steam binding" effect which effecitively limitis

The secondary side heat transier mode is therefore natural convection.
Since the RELAP4-EM program does wnoi have the natural convection mode,
modifications were required to include this heat transfer mode in
RELAP.4—FLOOD. The RELAPA-FLOOD program requires two volumes for the

secondary side of each steam generator. One volume initially contains

e

only water and the other only steam. The water volume height is
assumed to be equal to the total height of the primary side volumes
{not including the iniet or outlet plenums). Heat is transferred from
the primary side to the secondary side water. A typical steam generator
nodalizatcion is showa in Figure 5.2.

The secondary side heat transfer coefficient is calculated

9/

. e . . 2 " .
using an equation given by Brown and Marco— for long veriical

cylinders as:

.
h = 0.13 k (ane)t/?
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where:
k = thermal conductivity of water, Btu/hr-ft°F

At = temperature difference, °F

go’c
. . 2
g = acceleration of gravity, ft/sec
B = coefficient of expansion, ol

p = density, lbm/ft3

Cp = specific heat at constant pressure, BTu/lbm°F

M = viscosity, lbm/ft-hr |
If the user desires to use the natural convection option, NSGV on
the RELAP4—-FLOOD program option input data cards is the number
of steam generator primary volumes (not including inlet and outlet
plenums) and the steam generator volume data card must be supplied.
If NSGV is zero, the standard RELAP4-EM correlations are used for
the secondary side heat transfer.

Broken Loop Cold Leg Nozzle Model

Part of the steam which is generated in the core during reflood
passes through the intact loops to the downcomer and then flows around
the top of the downcomer and out the broken loop cold leg nozzle to the
containment. In some cases, the downcomer water level will exceed the
elevation of the cold leg nozzles. If this happens, thevnormal RELAP4-EM
calculation assumes a homogeneous mixing of the intact loop steam flow

with the water above the bottom of the cold leg nozzle. The resulting
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two—phase mixture then flows to the containment with no slip between the
phases. This phenomenon was observed in early calculations to result in
unreasonably large pressure drops between the downcomer and containment.
The two—phase flow regime expected when the downcomer f£ills and
begins to overflow is that of a separated flow with slip between the
phases as shown in Figure 5.3. Since RELAP4~EM currently has no provision
for slip flow of this type, a special model was developed for RELAP4~FLOOD
to simulate slip flow. The model is shown in Figure 5.4. The broken
loop cold leg nozzle is divided into two pipes or RELAP4-EM junctiomns,
each of which has a variable area. The ared of the liquid slip junctiom
is calculated as a function of the height of the mixture level above the
bottom of the cold leg nozzle, i.e., Hf in Figure 5.3. The steam slip
junction area is, thus, the true junction flow area minus the liquid
slip junction area. The elevation of the intact loop nozzle is artificially
raised by one~half the nozzle diameter to prevent mixing of the steam with
the water in the downcomer. Since each junction néw has a common pressure
drop to the containment, each will flow at the velocity required to reach
that pressure drop, thus simulating slip between phases for separated flow
in a single pipe. The friction at the liquid-vapor interface is neglected
in the model.
The junction and volume numbers input card described in the Input
Data Section requires the downcomer volume number and the junction

numbers for the steam and water slip junction. The user should also be
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u o

Figure 5.3 Flow Separation in Cold Leg Nozzle
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STEAM SLIP JUNCTION

STEAM FLOW \ é STEAM TO
—— — — - —
£
INTACT LOOP J ‘l, CONTAINMENT

TRUE ELEVATION
PLUS D/2

VAPOR

WATER SLiP JUNCTION

i

LIQUID

} LIQUID TO

V CONTAINMENT

DOWNCOMER

">

TRUE NOZZLE ELEVATION

Figure 5.4 Upper Downcomer Nodalization for Cold Leg Nozzle Slip Flow
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certain to specify the junction elevations on the RELAP4-EM junction
data cards as shown on Figure 5.4. The junction areas on the
RELAP-FM junction data cards for the slip junctions must sum to the
true junction area. |

Input Data Description for RELAP4-FLOOD

Input requirements for RELAPé—FLOOD consist of a complete RELAP4-EM
input data deck as described in Section 3.10, Input Data Description
for RELAP4-EM, and several additional input cards required for the
RELAP4~FLOOD models as described below. The RELAP4-FLOOD program
may be restarted as described in the RELAP4-EM Input Data Description.

Entrainment Correlation Option, 400001

Il

Wl -I IENT entrainment correlation

1, Babcock and Wilcox

2, Aerojet A

3, Aerojet B

FLECHT Heat Transfer Correlation Data, 400002

subcooling temperature (°F)

W1-R DTSUB

W2-R TINIT = maximum initial clad temperature (°F)
W3-R QMAXFD = peak power input (kw/ft)

W4—~R BFFF = fraction'of channel blockage

W5-R HRAD = radiation heat transfer coefficient

(Btu/hr-ft2-°F). 1If HRAD = 0.,
code will compute a value

W6-R C@RCHL = core channel length (ft)
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Initial Clad Surface Temperatures, 4001YY

Y?, D1 <YY< R, indicates the axial core slab number
W1-R TS(1) = surface temperatures
Wl-R TS(2)

Steam Generator Volume Data, 4002YY

YY, 01 <YY< 12, indicates the steam generator primary volume number

W1l-T NSGVOL(1) = steam generator secondary volume number
for each steam generator primary volume
number. A secondary volume number must
be input for each primary volume, even
if this volume is common to several
primary volumes.

Wz-1 NSGVOL(2)

Aerojet A Entrainment Correlation (if IENT = 2), 400003

W1l-R EN2 = = entrainment fraction at liquid level = HC2
W2-R HC1 = liquid level (ft)
W3-R HC2 =  liquid level (ft)

Core OQutlet Enthalpy, 400004 (optional)

W1-R HCOUT = core outlet enthalpy (Btu/lbm)

Junction and Volume Numbers, 400005

Wi-1 JUNIN

core inlet junction number

W2-1 JUNOUT core outlet junction number

W3-I JUNWSL

water slip junction number
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Wa-T JUNSSL = steam slip junction number
W5~-I NCVOL = core volume number

W6-I1 NUPVOL = upper plenum volume number
W7-T NLPVOL = lower plenum volume number
W8-I NDCVOL =  downcomer volume number

Evaluation Model Options for RELAP4-FLOOD

The RELAP4-FLOOD computer program was developed to calculate the
reflooding transient for a PWR. RELAP4~EM was the basic coﬁputer
program tﬁat was used for the RELAPA-FLOOD code. Evaluation Model
option.flag, ISPRPG specified on the Problem Dimension Data Card
(card 010001) should be set to two. By setting iSPR¢G=2 all the
Evaluation Model options are skipped. This option is used because
the RELAP4~FLOOD computer program is used to calculate core flooding
rate only. The peak cladding temperature for the refill and reflood
portions of the transient are calculated by the TOODEE2 computer
program. The Evaluation Model options that shoula be selected are

described below.

Option Evaluation Model Comment
Input
IENT (400001 card) IENT = 1 Selects the Babcock and Wilcox

entrainment correlation

NSGV (4002YY card) NSGV # 0 Selects the RELAP4-FLOOD steam
generator heat transfer model

il
[\

IHM (no input required) IHM Uses Core model to compute core

exit enthalpy



5-23

FLECHT Heat Transfer Correlation Data

BFFF BFFF = 0.0 Selects the fraction of channel
. blockage

Card 010001 Problem Dimension Data

ISPROG ISPROG = 2 Flag to select none of the

evaluation model options to be
used, only REFLOOD
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TOODEE2 COMPUTER PROGRAM

TOODEEZQE/ is a two dimensional, time-dependent fuel element
thermal analysis program developed by the AEC Regulatory staff from
the TOODEEEé/ code, The current version of TOODEE2 was developed
primarily as an evaluation tool to calculate fuel element thermal
analysis during post-LOCA refill and reflood in a PWR. TOODEE2 used
as an Evaluation Model tool does not take as its point of departure
another current version of the program in the way that RELAP4~EM is
a version of RELAP4., Rather, certain options are exercised in
TOODEE2 which qualify as Evaluation Model options. In particular, a
small break mixture level model, small and large break blowdown heat
transfer models, and a2 radiation model exist in the program. These
models are not currently qualified as Evaluation Models. No attempt
has been made to run the program in anything but the r, z geometry
with the current modifications. Thé modifications require operation
with only 2 clad nodes. Film heat transfer considerations have been

limited to one channel.

Cladding Calculational Model

TOODEE2 considers r, z type geometry where the maximum numbers
of radial and axial nodes are 12 and 50, respectively. Onhe outer
radial node represents the fluid channel. Two outer axial nodes
provide the boundary condition at the inlet and outlet of the flow
channel. Therefore, the maximum soiid node matrix is 10 radial and

48 axial nodes.
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TOODEE2 allowé only two nodes in the fuel rod cladding. Details
of these nodes are shown in Figure 6.1. The. two cladding nodes are
established such that variations in heat capacity and thermal conduc-
tivity reflect changing thickness of the inside and outside zircaloy
oxide. The time-dependent thickness of the oxide layer is calculated
and the thermal conductivity and heat capacity are modified to reflect
the composition of oxide and zirconium properties. When the material
properties are assigned in the input, thg oxide material should be
assigned to the outer clad node and the zircaloy metal éroperties
assigned to the inner node. Composite heat capacities are then calcu-
lated by the program for the heat capacities and thermal conductivities.

Heat Transfer Correlations

TOODEE2 is principally used to calculate the fuel rod temperature
response during the refill and reflood portion of a LOCA. For the
reflood portion of the transient, the Commission acceptance criteria
specify the heat transfer coefficient to be used. The criteria state
for the reflood period:

"5. Refill and Reflood Heat Transfer for Pressurized Water

Reactors. For reflood rates of one inch per second or higher,

reflood heat tramsfer coefficients shall be based on applicable
experimental data for unblocked cores including FLECHT results

("PWR FLECHT (Full Length Emergency Cooling Heat Transfer)

Final Report," Westinghouse Report WCAP-7665, April 1971).
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'The use of a correlation derived from FLECHT data shall be demonstrated
to be conservative for the transient to which it is applied; presently
available FLECHT heat transfer correlations ("PWR Full Length Emergency
Cooling Heat Transfer (FLECHT) Group I Test Report," Westinghouse
Report WCAP-7544, September 1970; "PWR FLECHT Final Report supplement."
Westinghouse Report WCAP-793l, October 1972) are not acceptable. New
eorrelations or modifications to the FLECHT heat transfer correlations
are acceptable only after they are demonstrated to be conservative, by
eomparison with FLECHT data, for a range of parameters consistent with
the transient to which they are applied.

During refill and during reflood when reflood rates are less than
one inch per second, heat transféf caleulations shall be based on the
assumption that cooling is only by steam, and shall take into account
any flow blockage calculated to occur as a result of cladding swelling
or rupture as such blockage might affect both local steam flow and
heat transfer."

As specified by the criteria, the heat transfer during refill and
reflood, when reflood rates are less than one inch per second, shall
be based on steam cooling only. For Evaluation Model calculations,
two heét transfer correlations are used. For steam cooling, the
Dittus-Boelter heat transfer correlation is used, and for reflood heat
transfer, a modified FLECHT correlation is used. Each of these will

be discussed in more detail.
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Because TOODEEZ has been used for other fuel rod temperature
profile calculations, a number of other heat transfer correlations is
available to fhe user. The heat transfer logic from RELAP4 has
largely been adopted for blowdown calculations in TOODEE2. For a full
discussion of fluid properties, blowdown heat transfer logic, and
surface heat flux convergence methods, the reader is referred to the

TOODEE2§§/

document.

Calculation of the reflood heat transfer coefficent uses a
correlation devised in the Westinghouse PWR FLECHT programgé/ and
modified to account for variable flooding rate. The variable flooding
rate correction is that suggested in the final FLECHT report.glj
Three options are available if the flooding rate falls below one
inch/sec:

1. Use the FLECHT correlation.

2. Use the FLECHT ccrrelation below the quench front and steam
cooling at or abecve the quench front. (The quenchk front here is
assumed to be h > 50 BTU/hr-ft ~°F as calculated by the FLECHT
correlations.)

3. Use tﬁe FLECHT correlation below the blockage plane-and steam
cooling at or above the blockage plane.

The steaming iate used for the steam cooiing calculation is the

user-supplied inlet flow rate in 1bs/hr. If blockage has been predicted

(after rupture) then the mass velocity irn the blocked region is modified
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to approximate the results of COBRA calculations performed for blocked
subassemblies. The mass velocity fraction as a function of axial
elevation is given in Figure 6.2.

When the FLECHT correlation is used, the sink temperature is set
to saturation. When steam cooling is used, the adjacent node quality
is set to 1., and a steam energy balance is performed. An input option
determines whether or not blockage shall be considered in the FLECHT
correlations.

If heat transfer coefficients are determined from tabular values,
a minus sign prefixes the overall HTR integer.

Surface Radiation Model

A surface radiation model is provided in the TOODEE2Z computer
program. This model is not presently part of the Evaluation Models,
but was incorporated to perform sensitivity studies. The model is
used to simul;te radiation from a hot ruptured node to a cooler
unruptured node that is adjacent. Radiation from a rupture node

surface is determined by the equation

q" = F__(12 - 1} | (117)
where:
q" = surface radiation heat flux
Fso= radiation interchange factor
TS = surface temperature of ruptured node
T = surface temperature of unruptured adjacent node.
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The intention of using the unruptured adjacent node is to simulate an
unruptured node of a pin adjacent to the hot pin. The radiation inter-
change factor is:

F 0 = l/[l/f—:s + RS/RO(I/Eo - 1]

s (118)
where:
€, = emissivity of the ruptured cladding node
€, = emissivity of the adjacent cladding node
RS = clad radius (inches)
Rb = effective radius of ;adiation sink (inches)

The effective radius of the radiation sink can be input or deter-
mined in the following manner. The radiation sink geometry for ﬁhe
ruptured core is shown in Figure 6.3. A subassembly containing the
ruptured rod of interest (RR) and its immediate neighbors (RD and RA)
is considered. The ruptured rod is assumed to swell according to the
radial expansion data given in Table 6.1. Half-rods (RA) immediately
adjacent to RR are not considered to swell. Diagonal quarter rods (RD)
are considered to swell an amount such that the blockage in the sub-
assembly is that specified by Table 6.2 for the rupture AP in rod RR
(the ruptured rod). The rods RD are considered to be at the tempera~
ture of the ruptured rod RR whereas unruptured rods RA are at the
adjacent node temperature,

Thus, the rod radius ratio RS/Ro is given by:

RS/R0 = (RRR + RRD)/ZRra (119)

-where R represents the respective rod radii.



Figure 6.3 Radiation Sink Geometry
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TABLE 6.1

RADTAL EXPANSION VS. AP

Pressure Difference Best Estimate
Across Cladding Radial Expansion

0 psig 60%

100 60%

200 32%

400 25%

600 35%

800 467
1000 547%
1200 60%
1400 627%
1600 60%
1800 56%
2000 487%
2200 38%

2400 30%
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TABLE 6.2

ASSEMBLY AVERAGE FLOW BLOCKAGE VS. AP

Pressure Difference Maximum Assemblyz/
Across Cladding : Average Flow Blockage
0 psig : . 80%
100 80
200 - 60
400 . 30
600 35
800 4 55
1000 70
1200 78
1400 77
1660 73
1800 o 67
2000 57
2200 52

2400 30
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The above surface radiation model has been used to evaluate the

effect of unruptured rods at lower temperature in the region of ruptured

rods.
Input Data Description for TOODEE2
Card Card Field VariaBle

Number Format Number Name

1 11,1246 1 ISHAPE
2-13 TITLE(I)

1A 12A6 \ 1-12 ZZ (1)

2 — -~ —

3 6E12.6 1-6 RA(I)

4 - - -

5 6E12.6 1-6 AX(J)

6 -— — -

7 4E12.6 1 CW(1)
2-4 CW(N)

8 p— — -

9 I1,E11.6, 1 11

SE12.6 2 RBLD(L,K)

3 RBLD(2,K)

Description
Geometry selection' 1 = R-0,
2 = R-Z, 3 = X~Y

Alphanumeric title information

Optional additional title infor-
mation

Blank card

Radial grid line locations in
ascending order on consecutive
cards until list is complete
(inches)

Blank card

Axial grid line locations in
ascending order on consecutive
cards until list is complete
(inches)

Blank card

Pitch of channel 1 (inches)
Unused channel widths

Blank card

1 designates block

Location of radial grid line
forming left boundary of block

(inches)

Location of radial grid line
forming right boundary of block
(inches)
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Card Card Field Variable
Number Format Number Name Description
4 ABLD(1,K) Location of axial grid line
forming lower boundary of block
(inches)
5 ABLD(2,K) Location of axial grid line
forming upper boundary of block
(inches)
6 MB(X) Material number of block
9A I1,E11.6, 1 11 2 designates gap
5E12.6 2 RBLD(3,K) Radial gap width (inches)
3 MGR(K) Material number of gas in gap
4 CCR(XK) Radial congact coefficient
(Btu/hr-£ft“-F) (Default to
1.0 x 10°)
5 ABLD(3,K) Axial gap width (inches)
6 MGA(K) Material number of gas in gap
7 CCA(K) Axial contact coefficient

(Btu/hr—ft2—°F)

Note: Up to 36 blocks may be
assigned in any order.
Requirements are that each
block be homogeneous in
composition and its bound-
aries coincide with grid
lines. Properties are
assigned only as follows:

U02 - material 1

Zr - material 3

Zr02 - material 4

Gas gap~ material 2
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Card Card Field Variable
Number Format Number - Name
i0 - - -
i1 216 1 JX

2 JY
11A 6E12.6 odd EPR(J)
even EPA(T)
12 - - ~
13 6E12.6 I RMIN
2 RMAX
3 AMIN

Description

Because of specialized calcula-
tional schemes, the last three
radial grid lines must be material
boundaries. Blocks encompassing
the last radial mesh space are
material 4. Blocks encompassing
the next to last mesh space are
material 3. All other internal
spaces are assigned material 1.
Blocks with material 1 are
assigned a radial gap. No other
gaps are assigned.

Blank

Lowest axial position of initial
plastic strain.

Highest axial position of initial
plastic 'strain. -

Radial strain at consecutive
ascending axial positions from
JX to JY.

Axial strain of consecutive
ascending axial positions from JX
to JY.

Note: As many cards of type
11A to satisfy JX to
JY.
Blank

Left radial temperature block
boundary (inches)

Right radial temperature block
boundary (inches)

Lower axial temperature block
boundary (inches)



Card Card Field Variable
Number Format Number Name Description
4 AMAX Upper axial temperature block
boundary (inches)
5 T Temperature with specified block
(°r.
Note: As many cards as
needed to specify entire
mesh. Assignments to
sink or coolant are made
by setting both boundary
assignments in one direction
equal to the proper
exterior boundary. The
remaining boundaries
specify the interval for
which the given temper-
ature applies. This card
group may be overridden
by group 27.
14 - - - Blank Card
15 8X,14, 1 NZPp Non~zero punch
4E12.6 2-5 TSAT(N) Steady state saturation temper-
ature. Only channel 1 of
interest
15A 8X,14, 1 Nonzero punch
4E12.6 25 FILML (N) Lower film boiling limit. Not
used in TOODEE2.
16 - - - Blank
17 8X,14, 1 NI Material number
4E12.6 2 RMELT(NI,1) Melting temperature (°F)
3 RMELT(NI,2) Heat of fusion (Btu/ft3)

4 RMELT(NI,3) Vaporization temperature (°F)
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Card Card Field Variable
Number Format Number Name Description

5 RMELT(NI,4) Heat of vaporization (Btu/ft3)

Note: One card for each
material. Temperature
boundaries in ascending
order.

18 - - - Blank
19 216, 1 11 Location of first datum on card
5E12.6 2 33 Number of entries on card

3-7 AVAIL(K) Data. All defaults are 0.0
except as noted.

Note: As many cards as
needed to specify stated
options. A data list
follows wherein the loca-
tion number refers to the
subscript of AVAIL(K).

Location Number : Data
1 . Initial time (sec)

2 Initial pin average linear heat
generation rate (kw/ft)

3 Metric-English energy conversion
3412.75 Btu/hr-kw

4 Point-~to-average power distribu-
tion base

0.0 - Unity average in fuel area
1.0 - Unity average at a particular
point
-1.0 - Use as specified

5 X or R point number at which
power distribution is unity
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Location Number Data

6 Y, Z, or 6 point at which power
distribution is unity

7 Number of time steps between
print out of results

8 Number of transient time—power
data pairs (0.0 for s.s)

Any negative number at this
location will allow reading
in eight tables: time~.
quality, time~flow (lbs/sec),
time-inlet temperature (°F),
time-relative power, time-
saturation temperature (°F),
time-flooding rate (in./sec),
time-mixture level (ft), and
time-steaming rate (lbs/sec).

9 ' Initial time increment for calcula-
tion (sec)

10 Time at which use of second time
increment is begun (sec)

11 Second time increment (sec)

12 Time at which use of third time
increment is begun (sec)

13 Third time increment (sec)

14 Time at which use of fourth time
increment is begun (sec)

15 Fourth time increment (sec)
16 Problem termination time (sec)
17 Final temperature distribution

punch control

0.0 - No punch
1.0 -~ Punch requested
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18

19

20

21

22

23

24

25

26

27

28
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Data

Radial point (X or R) for
maximum temperature test. No
test if = 0.0

Y, Z, or B point for maximum
temperature test

Maximum temperature allowed at
specified point (°F). Program
stops if this value is reached.

Convergence criterion for surface
heat flux

Nonzero to suppress gap width
print out

The initial constant thickness
of ZrO2 (mils).

Steady state value for inlet
quality. Not needed if location
8 is negative and NXQ>0

Steady state value for inlet mass
flow (1bs/sec). Not needed if
location 8 is negative and NFL>0

Steady state value for inlet tem-
perature (°F). Not needed if
location 8 is negative and NTI>0

Effective core flow area (ftz).'
Adjustment of this factor allows
for a flow factor such as 0.8.

Blowdown heat transfer correla-
tions. The number determines
the two phase post DNB turbulent
correlation as follows:

Groeneveld (5.9)
Groeneveld (5.7)
Dougall-Rohsenow
Condie-Bengston
(Presently not available)

W N =O
[



Location Number

29

30

31

32

33

34

35

36

37

38

39

40

41
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Data

Effective roughness (mils) in the
sum of the arithmetic mean rough-
ness heights of the fuel and
cladding.

UO2 percent theoretical density.

Reflood inlet sub-cooling (°F).
If number is negative sub-cooling
is calculated by subtracting
iniet temperature from satura-
tion temperature.

Flow blockage fraction < 0.,
blockage calculated from Table
6.2 after rupture.

Time of DNB (seconds).

Start time for adiabatic heatup
(seconds).

Start time for reflood (BOCREC)
(seconds) .

Reflood heat transfer correla-
tion. Only correlation is option
0.0. at this time. <0, neglect
blockage in FLECHT correlation.
Any decimal fraction specifies
future low flood rate correlation.
Presently ignored.

Initial reflood coifficient, H

o [o]
or Hrad (Btu/bhr-ft"-°¥F) ,

Estimated hot gas pressure
(p.s.i.a.)

Mole fraction helium in gap.
Mole fraction argon in gap.

Mole fraction hydrogen in gap.
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42

43

44

45

46

47

48

49

50

51

52
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Data

Mole fraction nitrogen in gap.
Mole fraction krypton in gap.
Molé fraction xenon in gap.

Axial node which has ruptured.
If rupture has mnot occurred value
should be 0.0.

Mean outside swollen radius of
ruptured node (inches). <0,
swollen radius calculated from
Table 6.1

Cold fuel plenum volume (cubic
inches).

Axial Conduction option:
0.0 - No axial conduction
1.0 - Axial conduction
included.

Preset rupture time. If < 0.
rupture calculated from Table 6.3.

Low Flood rate options:
1.0 - Use FLECHT correlation
0. - Use low flood rate
methods
.0 ~ Entrainment (FLECHT
correlation) only
below ruptured node.
.1 ~ Entrainment (FLECHT
correlation) only
below quench front.

Steady state flooding rate
(inches/sec). Not needed if
AVAIL (8) <0. and NFR >0.

Effective external radiation sink
radius (inches) (0).

Calculation ignored (=0)
Calculated as per Section 6.3

(<0)
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TABLE 6.3

RUPTURE TEMPERATURE VS. AP

Pressure Difference

Across Cladding Average Rupture Temperature
0 psi 2500°F
100 2200
200 1820
400 1730
600 1660
800 1600
1000 1540
1200 1480
1400 1440
1600 1400
1800 1370
2000 1335
2200 1310

2400 1280



Location Number

53
54

55, 56, 57

58

59

60

61

62

63

64

65

Data

Cladding emissivity

Fuel pellet emissivity

Reflood heat transfer factors
for periods I, II, and TII,

respectively.

Number of gram moles of gas in

pin.

Fuel plenum temperature, °F
(>0) Constant whose absolute
value is added to upper coolant
temperature to obtain plenum

temperature (<0)

Pellet shoulder radius (inches).

Plot scan parameter. Number
before decimal is lower axial
range. Number after is one

one-hundredth of

upper range,

(e.g., 6.111 means save fuel

.and clad temperatures between

nodes 6 and 11 for plot selection.

Gap convergence criteriom.
Fuel surface temperatures must
converge within this value.

Lower X value of
0, default value
of calculation.

Upper X value of
0, default value
calculation.

Lower Y value of
0, default value

plot. If <
is start time

plot. If <
is end time of

plot. If <
is 200°F.
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Location Number Data

65 Upper Y value of plot. If <
0, default value is 3200°F.

67 Minimum flood rate for using
high flood rate FLECHT correla-
tions if integer part of location
50 is 0.

63 Steady state steaming rate
(lbs/sec). Not needed if AVAIL
(8) <0 and NSR >0 or if NML=0.

Card Card Field Variable
Number Format Number Name Description

20 - - - Blank Card

Note: Card groups 21, 23

& 25 are power distribution
data. Where distribution
is separable, i.e., can be
specified as a product of
functions in each direction,
use 21 and 23. ¥For non-
separable distributions,
use 25. Power distribu-~
tion data defined only at
internal mesh points.

21 216,5E12.6, 1 I Axial coordinate of first datum
on card.

2 JJ Number of entries on card.

3-7 AXPOW(J) Axial power distribution in
ascending order of J.

Note: As many cards as needed
to satisfy desired axial
pover distributionm.

22 - - - Blank Card

23 216,5E12.6, 1 I Radial coordinate of first datum
on card.
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Card Field Variable
Number Format Number Name
2 11
3-7 RAPOW(T)
24 - - -
25 314,5E12.6, 1 I
2 J
3 JJ
4-8 POW(I,J)
26 - - -
27 10X,3110 1 IMAX
2 JMAX
3 NIT
27A 5E12.6 1 TBP (J)
2 STH(J)
3 STL(J)

Description

Number of entries on card.

Radial power distribution in
ascending order of I.

Note: As many cards as
needed to satisfy desired
radial power distribution.

Blank Card

Radial coordinate of all data on
card.

Axial coordinate of first datum
on card. Data in ascending order
of J on each card.

Number of entries on card

Non-separable power distribution
data.

Note: As many cards as
needed to satisfy desired
power distribution.

Blank Card

Number of radial nodes

Number of axial nodes

Temperature distribution type

<0 - Parabolic fit (data described

in group 27A.)

>0 - Point-by-point (data described
in group 27B.)

Volumetric average fuel temperature

(°F).
Fuel surface temperature (°F)

Clad inside surface temperature

(°F).
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Card Card Field Variable
Numberx Format Number Name Description

4 STR(J,1) Clad outside surface temperature

(°F)
5 TE(IMAX,J) Fluid temperature (°F)

Note: One type 27A card
for each axial distributionm.

278 6E12.6 1-6 TE(I,J) Temperatures in °R for every point
' in the mesh from point (1,1) to
(IMAX, JMAX) in ascending order of
I and J, respectively. All fields
must be full up to (IMAX, JMAX).
Use as many cards as needed.

Note: If card 27 calls for
temperature data, the data
obtained from 27A or 27B
supercedes that obtained

in group 13.

28 - - - Blank Card

29 216 i JX Lower axial node point of first
outside oxide thickness specified.

2 JY Upper axial node point of last
outside oxide specified.

29A 6E12.6 1-6 XR1(J) Oxide thickness (ft.) at each
node point inclusive of numbers
specified in Card 31. As many
cards are used as are needed
to satisfy Card 29.

Note: If no-value is
specified for an axial ele-
vation or if group 29 is
omitted default is to
thickness specified by
AVAIL (23).

30 - - - Blank Card

31 216 1-2 JX,JY Same as card 29 for inside oxide
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Card Card Field Variable
Number Format Number Name Description
31A 6E12.6 1-2 XR2 (J) Same as card 29A for inside oxide
32 - - ~ Blank Card
33 112 1 NHT Number of entries in table
(< 100) (Optional table)
33A 10x, 2E16.8 1 CHT (Even) Time (sec.)

CHT (0dd) Heat Eransfer coefficient (Btu/
hr-ft -°F).

Note: One card of type
35A for each time in the
table for first channel,

34 - - - Blank Card

Note: The following card
group reads in transient
data. If AVAIL (8) = 0.0
this group should not be
included. If AVAIL (8)
>0.0 only subgroup 35 is
used. If AVAIL (8) <0.0
then subgroups 35A through
35G are used and not 35.

- 35 10X,2E16.8 1 CBP Time (seconds)
2 DRP Fraction of full power

Note: Number of cards equal
to AVAIL (8)

35A I12 ' 1 NXQ Number of pairs in time-quality
' table.
35A1 10X,2E16.8 1 CXQ(even) Time (sec.)
2 CXQ(odd) Quality

Note: Number of 35A1 cards
equals NXQ. TIf NXQ <1.
AVAIL (24) used for constant
quality.
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Card Card Field Variable
Number Format Number Name Description
358 112 1 NFL Number of pairs in time-flow table
35B1 10X,2E16.8 1 CFL(even) Time (sec.)
2 CFL(odd) low (1bs/sec.)
Noie: Number of 35Bl cards
equals NFL. TIf NFL <1,
AVAIL (25) used for constant
flow.
35C 112 1 NTT Number of pairs in time-inlet
temperature table
35¢1 10X,2E16.8 1 CTI(even) Time (sec.)
2 CTI(odd) Inlet temperature (°F)
Note: Number of 35C1
cards equals NT1l. If NTI
<1 AVAIL (26) used for
constant inlet temperature.
35D 112 1 NPO Number of pairs in time-power
table.
35p1 10X,2E16.8 1 CPO(even) Time (sec.)
2 CPO(odd) Fraction of full power
Note: Number of 35D1 cards
equals NPO.
35E 112 1 NTS Number of pairs in time-~saturation
temperature table. '
35E1 10X,2E16.8 1 CTS(even) Time (sec.)
2 CTS (odd) Saturation temperature (°F)

Note: Number of 35El1 cards
equals NTS. If NTS <],
TSAT(N) from card 15 is used
for constant saturation
temperature. If the time on
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Card Card Field Variable
Number Format ‘Number " Name ~Description

the last card in this group

is less than the time on the
last card in group 35C1,

the saturation temperature is
set equal to the inlet tempera-
ture determined from the 35C1
table.

35F 112 1 NFR Number of pairs in time-flood rate
table.

35F1 10X,2E16.8 1 CFR(even) Time (sec.)
2 CFR(odd) TFlooding rate (in./sec.)
Note: Number of 35F1 cards
equal NFR. If NFR <1, AVAIL
(51) used for constant flooding

rate.

35G 112 1 NML Number of pairs in time-mixture
level table.

35G1 10X,2E16.8 1 CML(even) Time (sec.)
2 CML(0odd) Mixture level (feet)

Note: Number of 35G1 cards
equals NML.

35H I12 1 NSR Number of pairs in time-steaming
rate table.

35H1 10X,2E16.8 1 CSR(even) Time (sec.)
2 CSR(odd) Steaming rate (lbs/sec.)
Note: Number of 35H1 cards
equals NSR. If NSR <1,
AVAIL (68) used for constant
steam flow.

36 - - - Blank Card

37A I12 1 NR Number of rupture temperature -
AP pairs -
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Description

DRP (even) Pressure difference (psid)

Carc Card Field Variable
Numter Format Number ‘Name
37A1 6E12.6 odd
even DRP (odd)
378 I12 1 NA
3781 6E12.6  odd DPA(even)
even DPA(odd)
37¢ 112 1 NU
37C1 6E12.6 odd DPU(even)
even DPU (odd)

Rupture temperature (°F)

Number of blockage fraction -
AP pairs.

Pressure difference (psid)
Blockage fraction

Number of plastic strain - AP
pairs

Pressure difference (psid)

Plastic strain at rupture
(AD/D)

Note: In groups 37Al1, Bl,
C1 there are three pairs
per card. Sufficient
cards are required to
satisfy NR, NA, & NU.
Current tables for 37A1,
Bl, Cl1 are tables 6.1, 6.2
and 6.3,
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" Evaluation Model Options for TOODEE2

The TOODEE2 computer program was developed from the TOODEE computer
code. Many options available in the original TOODEE program3 have been
mentioned and new options added for Evaluation Model calculations.

Many of these options do not necessarily comply with the analytical
models developed for the NRC Evaluation Model, but have been included
in the program to perform sensitivity analyses or to audit calculétions.
The following list of input variables is included to specify options
that were used for the Evaluation Model. Since TOODEE2 is initialized
from RELAP4-EM at the "end of bypass'" much of the input data is taken

from the RELAP4-EM output.

Option Evaluation Model Selection
Radial Grid Line Location Third from last entry must be the cold

clad inside diameter.
Last entry must be the cold clad
outside diameter.

NOTE: this requires that the clad
consist of two and only two clad nodes.

Block Data

Block 1 (Material The right boundary must coincide with cladding
number 1) Fuel inside diameter.
Material

Block 1 (Material The gap size must be the same as the cold gap
number 2) Gap size in RELAP-4EM.

Block 2 (Material The right boundary must be the same as the
number 3) Cladding middle node in the cladding.

Material(Zr)
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Block 3 (Material
number 4) Cladding
Oxidized Material
(2r0,)

The right boundary must be the same as
the cladding outside diameter.

Initial Permanent Strain Strain values should be obtained directly
from the RELAP4-EM hot channel calculation
at the "end of bypass."

Initial Time The problem start time in the nearest major

edit to the end of bypass from the RELAP4-EM

Initial pin average
linear heat generation
rate

UO,, percent theoretical
aensity

Inlet Subcooling

Start Time for Adiabatic
Heatup

Start of Reflood
Reflood Heat Transfer

Correlation

Initial Reflood
Coefficient

Estimated Hot Gas
Pressure

Mole Fraction for
Gap Gas

output,

The average kW/ft obtained from the
RELAP4-EM hot channel calculation
at the end of bypass.

The density used that corresponds
to that required by densification.

The value is obtained from the
RELAP4-FLOOD run.

The time of end of bypass should be
used which eliminates the steam cooling
calculation,

Determined from the RELAP4-EM
accumulator delivery calculation.

Should input -0.1 so that no blockage
is used in the FLECHT correlation.

Determine the value from the FLECHT data.
Determine the gas pressure from the
RELAP4-EM hot channel calculation.

The mole fraction should be determined

from a fuel pin design code and should
be the same as the RELAP4-EM input.



Axial Node that has ruptured

Mean Outside Swollen Radius

Cold Fuel Plenum Volume

Axial Conduction Option

Preset Rupture Time

Beginning of Entrainment

External Radiation Sink
Radius

Number of Gram Moles of
Gas in Pin

Initial Temperature Distri-
bution

Outside and Inside Oxide.
Distribution

Transient Data
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If rupture has occurred in the
RELAP4-EM hot channel calculation
wvalue corresponding to RELAP node
should be used. 1If rupture has
not occurred use 0.0.

Only <0 option is needed if prior
rupture has not occurred. If prior
rupture has occurred, number ignored and
plastic strain tables are used.

Should be determined from a fuel pin
design code and should be the same as
the RELAP-EM hot channel, hot pin.

Select no axial conduction.

Unruptured < 0
Rupture the time of rupture as determined

by RELAP4-EM hot channel must be <time
of end of bypass.

The time at which entrainment is assumed
to begin. The value is obtained from
the RELAP4-FLOOD code and the FLECHT
data.

Value should be zero so that surface
radiation is not used.

Value should be obtained from a fuel
design code and should be the same as
the value in RELAP-EM hot channel (the
hot rod).

The temperatures from the RELAP4-EM hot
channel-hot pin are used, at the time
that end of bypass occurs.

The values are determined from the
RELAP4-FM hot channel, the hot pin
oxidation thickness.

The following tables are used in the
present Evaluation Model

1) Time-Power Data

2) Time~Saturation Temperature Data
3) Time-Flooding Rate Data

4) Rupture Table

5) Blockage Table

6) Unit Plastic Strain Table



Time-Power Data

Time-Saturation Temperature
Data

Time-Flooding Rate Data

Rupture Tables

Blockage Table

Unit Plastic Strain Table
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The normalized power should be obtained
from a RELAP4-EM calculation.

Pressure is obtained from the RELAP4-EM
and RELAP4-FLOOD computer programs.

Flooding rate data are obtained from the
RELAP4-FLOOD calculation.

Data are obtained from the RELAP4-EM
swelling table for a single pin.

Data are obtained from the RELAP4-EM
multiple pin blockage data table.

The date are obtained from converting
the single pin blockage data in the
RELAP4-EM data to a strain equivalent
to unit blockage.
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Error Messages

The input data for TOODEE are checked for self-consistency and
compatibility with the program at the beginning of a problem. Certain
quantities are also checked during program execution to avoid using
undefined values for them. Whenever an error is detected, an error
identification number and an index number are printed in the program
output and the problem is terminated by an overflow trip. The error
identification numbers and their respective causes are listed in this
section.

The index number is an aid for determining which data were in
error or the location in the mesh where an error was detected. An index
of zero is given to errors which have either an' obvious location or where
the location is not relevant. Where a single index is described, the
index number will be a one- or two-digit number. For example, if the
material number assigned to block four exceeded eight, the following
message would be written:

ERROR 1302 INDEX 4
where two index numbers are describéd, the first ome is given by the
first one or two digits in the number printed (since leading zeros are
suppressed), and the second is given by the last two digits printed.
For example, if the point (3,4) was interior to more than one block,
the following error message would be written:

ERROR 1510 INDEX 304
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Error Number Cause of Error
1200 Inmproper geometry specification; index=0
1201 There are too many grid lines in the X-direction;

possible missing blank card; index=grid line number I.
1202 There are too many grid lines in the Y-direction;

possible missing blank card; index=grid line number I.
1300 An upper block boundary in X-direction is smaller than

the corresponding lower boundary; index¥block number K.
1301 An upper block boundary in Y-direction is smaller than

the corresponding lower boundary; index=block number K.

1302 A block material number is too large; index=block

number K.
1303 A block material number is too low; index=block number K.
1304 ' The material number of the gas in a gap along the

X-boundary of a block is too large; index=block
number K.
1305 The material number of the gas in a gap along the
X-boundary of a block is too low; index=block number K.
1306 The material number of the gas in a gap along the
Y-boundary of a block is too large; index=block
number K.
1307 The material number of the gas in a gap along the
Y-boundary of a block is too low; index=block
number K.

1308 There are too many blocks; index=0.
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Error Number Cause of Error

1309 The X-grid lines are not in ascending sequence;
index=grid line number I which is out of order.
1310 The Y-grid lines are not in ascending sequence;

index=grid line number J which is out of order.

1311 There are too many X-grid lines; index=0.
1312 There are too many Y-grid lines; index=0.
1402 There are too many X-grid lines designated as block

boundaries; index=0.

1405 There are too many Y-grid lines designated as block
boundaries; index=0.

1408 A block boundary in the X-direction does not coincide
with any boundary grid line; index=number of boundary
IG.

1410 A block boundary in the Y-direction does not coincide
with.any boundary grid line; index=number of boundary
JG.

1500 There are less than two block boundaries in the X-
direction; index=0.

1501 : A low block boundary in the X-direction does not
correspond to any boundary grid line; index=block
number X.

1504 An upper block boundary in the X-direction does not
correspond to any boundary grid line; index=block

number K.



Error Number

1505

1506

1509

1510

1511

1512

1513

1600

1601

1700
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Cause of Error

There are less than two block boundaries in the Y-
direction; index=0.

A low block boundary in the Y-direction does not
correspond to any boundary grid line; index=block
number K.

An upper block boundary in the Y-direction does not
correspond to any boundary grid line; index=block
number K.

The point (I,J) in the mesh is interior to more than
one block; index=point coordinates I, J.

A gap along an X-grid line is in more than one block;
index=X-boundary number, Y-point number,

A gap along a Y-grid line is in more than one block;
index=Y-boundary number, X-point number.

A point in the mesh is not in any block; index=point
coordinates I, J.

A boundary location in the X-direction was negative;
index=boundary number IG.

A boundary location in the Y-direction was negative;
index=boundary number JG.

An upper temperature block boundary in the X-direction
is smaller than the lower boundary; index=initial

temperature card number. .
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Error Number Cause of Error

1701 An upper temperature block boundary in the Y-direction
is smaller than the lower boundary; index=initial
temperature card number.

1702 The sink temperature boundary is not in the system;
index = initial temperature card number.

1703 The sink temperature boundary is interior to the
mesh; index = initial temperature card number.

1704 A temperature block boundary in the X-direction
does not coincide with any grid line; index=initial
temperature card number.

1707 A temperature block boundary in the Y-direction
does not coincide with any grid line; index=initial
temperature card number.

1708 An internal point temperature has not been assigned;
index = coordinates of point I, J.

1709 The material phase change temperature boundaries
are not in ascending order; ind¢x=material number
Jth temperature boundary.

1710 There are too many power distribution data points
in the Y-direction; index=number of data points.

1711 There are too many power distribution data points
in the X~direction; index=number of data points.

1712 Array size from temperature distribution does not

fit mesh; index=0.
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Error Number Cause of Error

1800 Low exterior boundary in X-direction is negative;
index=0.

1801 Low exterior boundary in X-direction positive but

less than 0.00001 ft; index=0.

1802 A gap width along a Y-boundary is equal to or greater
than half the width of its bounding grid lines;
index=boundary number JG.

1803 A gap width along an X-boundary is equal to or greater
than half the width of its bounding grid lines;
index=boundary number IG.

3300 A boundary number in the X-direction is negative;
index=boundary number IG.

3301 A gap width along an X-boundary is negative; index =
boundary number IG.

3302 Surface temperatures on either side of a gap along an
X-boundary were not converged in 100 iteratioms.
Temperature instabilities resulting from too large a
time step may be present; index=boundary number IG.

3303 A boundary number in.the Y-direction is negative;
index=boundary number JG.

3304 A gap width along a Y-boundary is negative; index=

boundary number JG.
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Exrror Number Cause of Error

3305 Surface temperatures on either side of a gap along a
Y-boundary were not converged in 10 iteratioms.
Temperature instabilities resulting from too large a

time step may be present; index=boundary number JG.

3600 Point was not in any block; index=point coordinates
1,J.
4102 The heat transfer coefficient is negative; index=

channel number, point in channel.
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Evaluation Model Messages

Some of the input data for TOODEE2 are

10 CFR 50.46 Appendix K. If the input does not comply, a message is

printed and the calculation continues. The message identification

number and an index are printed. The I. D. number, index and cause

for the message are listed in this appendix.

Message Number

Cause for Message

8000

8001

8002

8010

8011

8022

8023

8032

8033

8041

8043

Axisymmetric geometry was not chosen; index=0
Channel 1 has not been specified; index=0

The following chamnel has been improperly selected;
index=channel number (2, 3, or 4)

There are axial gaps; index=block ngmber where axial
gap appears

There is a radial gap which does not have material
2. 1Index=block which has the stated gap.

The second radial material boundary is not the third
last grid line; index=0

The third radial material boundary is not the second
last grid line. Index=0

There is no radial gap between fuel and clad.
Index=0

There is a radial gap within the clad. Index=0

U0, is not specified for fuel. Index=0

2

Zircaloy is not specified for clad. Index=0

checked for compliance with
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Cause for Message

8044

8103

8108
8134

8136

8137

8145

8149

8146

8150
8152
8155
8156
8157

8167

ZrO2 is not specified for‘clad. Index=0,
Metric-English conversion less than 3412 BTU/kw-hr.
Index=0.

Provision not made for transient data. Index=0.
Adiabatic regime does not begin transient. Index=0.
Blockage not neglected in FLECHT correlation.
Index=0.

ho is too high (¢ ”). Index=0.

Prior rupture has occurred but ruptured node was not
specified. Index=0.

Prior rupture has not occurred but ruptured node has
been specified. Index=0.

Strain tables have been incorrectly optioned out.
Index=0.

Low flood rate option not invoked. Index=0.
Unapproved radiation option invoked. Index=0.
Regime I reflood factor > .85. Index=0.

Regime II reflood factor > .99. Index=0.

Regime IIT reflood factor > .85. Index=0.

FLECHT correlation used improperly below 1 in/sec.

Index=0.
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Data Selection for EM Refill-Reflood Calculations

This section describes the data selection made by the Staff for
making TOODEE2 calculations. The card groups, location numbers and
formats are defined in Section 6.4. Variables which are piant depgndent,
the result of sensitivity studies or not used for Evaluation Model

refill-reflood studies are not presented here.

Card Variatble

Number Specification Fxplanation
1 ISHAPE = 2 Specifies R-Z geometry
3 RA(IM2) = clad I. R. See section 6.4

RA(IM) = clad O.R.
5 AX(J) Chosen to be same as RELAP since
TOODEE2 is a continuation of RELAP

hot channel

7 cw(l) Same as RELAP
9 DII = 1 Denotes solid block
RBLD (1,1) = 0.0 Center line
RBLD (2,1) = clad I.R. See section 6.4
ABLD (1,1) = 0.0 “Bottom of active fuel
ABLD (2,1) = T.A.F. Top of active fuel
MB (1) =1 Denotes UO2 (see section 6.4)
9A IT = 2 Denotes gap
RBLD (3,1) = gap Radial gap size
MGR (1) = 2 Specifies gas (see section 6.4)
CCR(k) = h Contact term of gap conductance.

o



Card
Number

9

(repeat)

9

(repeat)

11

11A

13
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Variable
Specification
II =1
RBLD (1,2) = clad I.R.
RBLD (2,2)
ABLD (1,2) = 0.0
ABLD (2,2) = T.A.F.
MB(2) =3
IT =1
RBLD 91,3) = RBLD (2,2)
RBLD (2,3) = clad O.R.
ABLD (1,3) = 0.0
ABLD (2,3) = T.A.F.
MB (3) = 4
JX, JY
EPR(J)

Explanation

Solid block
See section 6.4
Specify near middle of cladding

(see section 6.4).

Specifies zircaloy (see

section 6.4).

See section 6.4

Specifies ZrO2 (see section
6.4).

strain values obtained from
RELAP 4 hot channel calculation
at end of bypass.

Temperatures are overridden

by group 27 so are not im-
porﬁant. However 1 dummy

block must be specified.



Card
Number

15

17

19
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Variable
Specification

NZP = 1

TSAT (1)

1t

AVAIL(1) tEOBY

AVATIL(2)

AVATIL(3) 3413

AVATL(4)

i
I
[

AVAIL(8)

A
o

AVAIL(23) 0.0

AVAIL(24) 1.E-5

AVATL(26)

AVATL(27)

AVAIL(30)

Explanation

Constant value from FLOOD calculation
may be input here.

Any high values can be input for
each solid material.

Time of end of bypass

Average pin kw/ft same as RELAP,
value is steady state value.
BTU/kw-hr

Specified power distribution
Transient tables will be used

In effect, this specifies 0.0
initial oxide thickness for un-
ruptured nodes when RELAP thicknesses
are input in groups 29A and 31A.
Should be 0 < AVAIL(24) < 1.
Should correspond to TSAT(1l) for
reflood calculations unless sub-
cooling justified.

Channel flow area should be con-
sistent with any flow rate used
so that mass velocity is correct.
96.5% density used to correspond

to densification requirements.
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Card Variable
Number Specification
AVAIL(31)

AVAIL(32) < O

AVAIL(34) < AVAIL(1)
AVAIL(35) = tp o ooo
AVAIL(36) = -.1
AVAIL(37) = 1.67

AVATIL(38) -

AVAIL(39-44)

AVATIL(45) ~

Explanation
75°F used based on FLECHT experiments.
So that blockage is calculated if
rupture.has not occurred, If rup-
ture has occurred and radiation or
steam cooling is required use value
determined in RELAP4 hot channel.
Required for REFILL-REFLOOD
Bottom of core recovery time,
Negative value required to neglect
blockage in FLECHT correlétion.
Recommended value.
Pin pressure from RELAP hot channel »
at end of bypass.
Gas mol fractions should be the same
as RELAP.
Number is 0.0 if rupture has not
occurred, RELAP4 hot channel hot
pin. If rupture has occurred

numbers should correspond to rup-

tured node,



Card
Number

Variable
Specification

AVATL(46) ~

AVATL(47) ~
AVAIL(49) < 0.
< AVAIL(1) but > 0.0

AVAIL(50) 1

AVAIL(51) ~
AVATL(52) = 0
AVAIL(53) = .67
AVAIL(54) = .80
AVAIL(55) = .85
AVAIL(56) = .99
AVAIL(57) = .85
AVAIL(58) -+
AVAIL(59) = -2
AVATL(60) ~+

2°F

AVATL(62)
AVAIL(67) = 1

AVATL(68) ~
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Explanation

< 0.Q if rupture has not occurred. If
rupture has occurred in preceding
RELAP4 hot channel number ignored and
strain table (group 11A) used.

Same as RELAP4 hot pin

If rupture has not occurred in RELAP
If rupture has occurred

Only FLECHT correlation has been used
to date for EM calculatioms

Flooding rate from FLOOD calculation
Radiation option ignored

Cladding emissivity

fuel emissivity

FLECHT region I recommended factor
FLECHT region 11 recommended factor
FLECHT region III recommended factor
Same as RELAP4 input

Make fuel plenum 2°F hotter than fluid
Same as RELAP4 input

2°F gap heat transfer convergence.

1 in/sec FLECHT limit required by rule.
Appropriate steaming rate if required.

(See explanation for cards 35H and 35HI)
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Card Variable A

Number Specification Explanation

21 AXPOW(J) -~ Axial power same RELAP4 input.

23 RAPOW(J) = 1.0 | No radial gradient assumed
in fuel

27 NIT = O Parabolic fit used

27A TBP, STH, STL, STR,

TE Temperatures from RELAP4 hot

pin at end of bypass.

29 JX, JY Outside oxide distribution
from RELAP4

29A XRI(J) hot pin at end-of-bypass.

31 JX, JY Inside oxide distribution
from RELAP4.

31A XRI(J) Only rupture node need be
specified if other constant
inside values represented
by AVAIL(23).

35A NXQ ) Table not needed for REFILL-
REFLOOD

35A1 CXQ

358 NFL Need for table dependent
on steam

3581 CFL cooling requirements during

refill.



Card Variable
Number Specification
35C NTI
35C1 CTI
35D NPO
35D1 CPO
35E NTS
35E1 CTS
35F NFR
35F1 CFR
35G NML, CML
35G1
35H NSR, CSR
35HI
37
6.9 Typical Moding Schematic
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Explanation

Need for table dependent on FLOOD
calculated pressure transient and
sub-cooling allowed.

Power table normalized to time of
break is required. Use ANS + 20 or
FLOOD calculated values.

Comment same as 37C & Cl.

Flood rate tables required for variable
flooding rate, from FLOOD calculated
output.

Mixture level table from RELAP analysis
required for small break.

Appropriate steaming rates required for
reflood less than 1 in/sec. and

small break.

All group 37 tables required. Should
be as given in tables 6.1, 6.2, &

6.3

A typical moding schematic diagram for TOODEE2 is illustrated in

Figure 6.4,
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Figure 6.4 TYPICAL TOODEE2 NODING SCHEMATIC

o
FUEL g1 cLap | FLUID
“JMAX =14 © —® o— . o
I
I
i
M =13 ° ® e o ! o | o ?
!
|
1
1
1
JMt =12 . @ o o ®© ! ° ® T
I
}
11 ¢ e ° ® e BIX)
10 ¢ ° ° ® o | o | o &
9@ ° D ° e i o | o ¢
8¢ ° ® ° ® T o o ¢
7€ ° [ ® 0 T o | ® ¢
6 ¢ ® [ ° ®© 1 D ® 9
50 ® ® ® e ! o | e ¢
49 ® o 0 e e | o9
1
3 ® ° ° ° | e l
1
i
1
I
]
i
2¢ ° ° ° ® i e | o ¢
|
|
i
i
1 ° ° > - : o——o
1 2 4 5 6 78
1} i non
N - s X
=g
= = =

Note: Axial nodes 1 and JMAX and radial node 1 are dummy nodes at
adiabatic boundaries. All exterior mesh points coincide with

grid lines.



7.0

REFERENCES

1.

10,

11.

12.

10 CFR Part 50, "Acceptance Criteria for Emergency Core
Cooling System for Light Water—Cooled Nuclear Power Plants,"
Federal Register, Vol. 39, No. 3, January 4, 1974.

K. V. Moore, W. H. Rettig, "RELAP4- A Computer Program for
Transient Thermal-Hydraulic Analysis," ANCR-1127, December
1973.

J. A. McClure, "TOODEE - A Two-Dimensional, Time~-Dependent
Heat Conduction Program," IDO-17227, April 1967.

D. R. Evans, "MOXY: A Digital Computer Code for Core Heat
Transfer Analysis," IN-1392, August 1970.

C. R. Hann, C. E. Beyer, L. J. Parchen, "GAPCON-THERMAL-1: A
Computer Program for Calculating the Gap Conductance in Oxide
Fuel Pins,'" BNWL-1778 UC-78, September 1973. '

Unpublished report concerning the FRAP Code.

J. R. Weir, Jr., et al, "Certain Aspects of LWR Fuel Pins
During a LOCA," ORNL-CF-72-11-1,

M. F. Lyons, et al, "UO, Pellet Thermal Conductivity from
Irradiations with Central Melting,'" GEAP-4624, July 1964.

J. C. Maxwell, "A Treatise on Electricity and Magnetism,"
Vol. I, 3xrd Edition, Oxford University Press (1891), re-
printed by Dover, New York, 1954.

A. Euken, "The Heat Conductivities of Ceramic Refractory,
Calculations of Heat Conductivity from Constituents, Forsch,
Gebiete, Ingenieurw, B3 Forschungsheft," No. 353, 1932,

H. C. Brassfield, et al, "Recommended Property and Reaction
Kinetics Data for Use in Evaluating a Light-Water Cooled
Reactor Loss-of-Coolant Incident Involving Zircaloy-4 on 304-
SS—Clad U02," GE, -482, April 1968.

D. G. Hardy, "High Temperature Expansion and Rupture Behaviour
of Zircaloy Tubing," CONF-730304, pp. 254~273, March 1973.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

7-2

J. B. Conway, et al, "Thermal Expansion and Heat Capacity of

-U0,, to 2200°C," Trans. ANS, Vol. 6, No. 1, p. 153, 1963.

2

J. S. Gellerstedt et al, "Correlation of Critical Heat Flux
in a Bundle Cooled by Pressurized Water," pp. 63-71 of "Two-

-Phase Flow and Heat Transfer in Rod Bundles," Symposium

presented at the Winter Annual Meeting of the American
Society of Mechanical Engineers, Los Angeles, California,
Novewmber 1969.

P. G. Barnett, "A Correlation of Burnout Data for Uniformly
Heated Annuli and Its Use for Predicting Burnout in Uniformly
Heated Rod Bundles,'" AEEW-R 463, 1966.

G. C. Slifer, J. E. Hench, "Loss—-of-Coolant Accident and
Emergency Core Cooling Models for General Electric Boiling
Water Reactors," NED0-10329, General Electric Company, April
1971, (Equation C-32).

F. W. Dittus, L. M. K. Boelter, University of California
Publs. Eng., Vol. 2, p. 443, 1930,

J. R. S. Thom et al, '"Boiling in Subcooled Water During Flow
Up Heated Tubes or Annuli,” Proc., Instn. Mech. Engrs., Vol.
180, Part 3C, pp. 226-246, 1966,

V. E. Schrock and L. M. Grossman, "Forced Convection Boiling
Studies, Final Report on Forced Convection Vaporization
Project," TID-14632, 1959.

J. B. McDonough, W. Millich, E. C. King, "Partial Film Boiling
With Water at 2000 psig in a Round Vertical Tube," MSA Research
Corp., Technical Report 62, 1958, (NP-6976).

D. C. Groeneveld, "An Investigation of Heat Transfer in the
Liquid Deficient Regime,' AECL-3281 (Rev.) December 1968,
revised August 1969.

P. J. Berenson, "Film-Boiling Heat Transfer from a Horizontal
Surface," J. of Heat Transfer, Vol. 83, pp. 351-358, August
1961.

R. S. Dougall and W. M. Rohsenow, "Film-Boiling on the Inside
of Vertical Tubes with Upward Flow of the Fluid at Low Qualities,"
MIT-TR-9079-26, 1963. '

Proposed ANS Standard, "Decay Energy Release Rates Following
Shutdown of Uranium-Fueled Thermal Reactors,' ANS-5.1,
October 1971.



25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

7-3

K. Shure, "Fission Product Decay Energy,' Bettis Technical
Review, Reactor Technology, WAPD-BT-24, December 1961, pp 1-
17.

F. F. Cadek et al, "PWR FLECHT (Full Length Emergency Cooling
Heat Transfer) Final Report,' WCAP-7665, April 1971.

F. F. Cadek et al, "PWR FLECHT Final Report Supplement,”
WCAP-7931, October 1972.

Response to letter to B&W Company from D. Knuth, AEC, June
1972.

A. I. Brown and S. M. Marco, "Introduction to Heat Transfer,"
McGraw-Hill Book Company, New York, 1958.

D. B. Collins et al, "Pump Operation with Cavitation and Two-
Phase Flow," paper presented at the Fourth Western Canadian
Heat Transfer Conf., Winnipeg, Manitoba, May 29, 1972.

E. D. Hughes, "An Examination of Rod Bundle Critical Heat
Flux Data and Correlations and Their Applicability to Loss-
of-Coolant Accident Analyses,'" Quarterly Technical Report
Nuclear Safety Program Division, K. A, Dietz (ed.), ID-1319,
pp. 16-40, May 1970.

R. E. Henry, "A Correlation for the Minimum Film Boiling
Temperature,' American Institute of Chemical Engineers,
Preprint 14, Presented at the 1l4th National Heat Transfer
Conference, Atlanta, GA, August 1973.

E. A. Eldridge, H. W. Deem, "Specific Heats and Heat of
Transformation of Zircaloy -2 and Low-Nickel Zircaloy -2,"
BMI-1903, May 31, 1967.

"Evaluation of LOCA Hydrodymamics," Regulatory Staff: Technical
Review, USAEC, Nov. 1974.

Lauben, G. N., "TOODEE2, A Two Dimensional Time Dependent
Fuel Element Thermal Analysis Program,'" NRC, May 1975.









U.S. CEFAKTMENT OF COMMCRKOE
Mational Technical Infonn:tion Searvicy
Alcaarnid-iv, WA 22312 F3-205-3000




