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Rod Bundle Behaviors under Accident Conditions
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A two-dimensional code FRETA-B was developed to analyze the
behavicrs of LWR fuel rod bundles under accident conditions. It
calculates fuel temperatures, oxidation of claddings, plenum gas pressure
and flow, and deformations of fuel rods.

Two-dimensional treatment is made in the transverse direction: a
fuel rod bundle, or its part, is represented by several discrete cross-
sections at different elevations. Most submodels treat each azimuthal
sector of each rod independently, but the radiant heat transfer submodel
treats all rods simultaneously. Also, two-dimensional treatment is made
in each rod on the ballooning and the collapse of the cladding.

This paper describes the models and gives an input manual of the

code.

Keywords: Fuel, LWR, Bundle, Analysis, Code, FRETA-B, Two-Dimentional
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1. INTRODUCTION

FRETA-B (Fuel Reliability Evaluation Code for Transient and Accident-
Bundle Geometry) is a transient fuel behavior analysis code, which deals
with bundles of Zircaloy-clad oxide fuel rods in light watér reactors. It
is aimed at analyzing the behaviors under accident conditions, especially
loss-of-coolant accident (LOCA).

The code is in fact the third version in a series of development work
for the purpose. The first version in this series was FREG—ST(l), which
was virtually a modification of a steady-state fuel thermal analysis code
FREG-3 for the transient analysis purpose. The modification required fuel
rod surface heat transfer models and high-temperature materials property
data. They were mostly taken from the US hydraulic code RELAP-4(2) and
the materials data package MATPRO(3). ,

The step to the next version included only small modifications; some
improvements were made on pellet-cladding interaction (PCI) and surface
heat transfer models. The code name was chénged to FRETA. Bbth FREG-3T
and FRETA were single-rod codes with axisymmetric models, aiming at best
estimation.

Expansion into a two-dimensional code treating a (part of) fuel rod
bundle was motivated by a recent experimental finding(“) that the balcon-
ing and rupture behaviors of cladding are affected by azimuthal temperature
gradient. The gradient, unavoidable even in single-rod experiments, 1is
very large in test bundles with small pnumber of fuel rods. Thus, apart
from the discussion whether the temperature gradieﬁt is singnificant in
power reactors or not, the two—dimensional treatment was required for
verifying the code against various simulation experiments.

FRETA-B is a bundle code, not a mere stack of single rod routines,
because it treats multiple rods simultaneously in calculating radiant
heat transfer. It also considers the effect of local flow area reduction
on the input coolant state, but the treatment is still preliminary. In
each rod, two-dimensional treatment is made for the ballooning of c¢laddings.
Also, a corrective calculation is made to account for transverse heat
flow in a rod. With other submodels, one-dimensional treatment is made
in each fuel sector which divides a fuel cross section into four.

Figure 1 lists main subroutines of FRETA-B to show the scope and
flow of its calculation. Figure 2 also serves for the same purpose, but

main submodels instead of subroutines are classified according to the
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MAIN
 eeeaes - input non-array data
‘ .......... arrays zero-set
INP2 e input array data
INPRAD} i radiant heat transfer data input
e .'7 .... mesh generation
.......... calculate mesh volume
' ISET I seesv.-... set initial conditions (cold state)
B set connection between faces
[Eiiiggé] ..........  set relative powef distribution
{ TIMSTPl .......... set time step size
—-l SUFCNO =T VOID |..... set coolant conditions

VOID |
— SCRITH ... critical heat flux

OXDIF I .......... metal-water reaction/oxygen diffusion
TEMP 2D 2-D thermal calculation subcode

'1-D heat conduction calculation

surface heat transfer

DEFORMP— = . i.iea.n. mechanical calculation subcode

DEFTF ... thermal expansion of fuel pellets

GPREST| e plenum gas pressure/flow

CONECT |  eeiiairass radiant heat transfer (set view factors)

il

.......... radiant heat transfer

PRINZD,PRINT]1,PRINTZ2| ... output

igs|
2
UU

FTPLOZ | i ieinenas plotting subcode

Fig. 1 Flow of calculation in FRETA-B
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Fig. 2 Flow of calculation with submodels classified
according to the solution method: Zone 1
Krank-Nicolsen's semiexplicit method, zone 2
explicit solution, zome 3 input.

solution methods of their main eguaticns. In the innermost circle of the
figure, the Krank-Nicolson's semi-explicit finite-difference formulation
is used only for fuel rod internal heat conduction equations which are
solved simultaneously with convective surface heat transfer equatiens,
and for oxygen diffusion equation in the cladding.

For the other models in the second circle, more time-saving explicit
formulations are used. No iteration is made in a subcode, nor between
different subcodes: a calculation run always proceed forward., Stability
problems are circumvented partly by limiting fuel temperature increments
in each time step within a certain limit. If the limit is exceeded, the
current time step is canceled and the time step size is reduced to one
half. i

As a transient code, FRETA-B does not calculate by itself any fuel
state change that proceed slowly duriﬁg steady reactor operations.

Figure 3 shows how FRETA-B accounts for these fuel state changes calculated

by other steady codes. An imaginary cold state is postulated at -2000 sec

_3_._
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Fig. 3 Treatment of the steady state before transient
by FRETA-B

from the onset of transient, and the state changes are input to the code
as describing the cold state at the period. Then an imaginary ramp is
made to the actual steady state at time zero. From the calculational
logic, this ramp is also treated as a transient.

The maximum size of bundle geometry can be easily expanded, of
cource at the expense of necessary core memory and calculation time.
The present standard size is 10 fuel rods, 10 axial segments, 9 radial

rings and fixed 4 azimuthal sectors of each red.
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treats a complete, or part ofvsquare4lattice fuel bundle.
is reduced using the symmetry in the cross-—-section of a
reduced bundle will hereafter be called 'partial bundle’.
direction, whole length of fuel rods is divided into axial

fuel rod is modelled as composed of a stack of identical

fuel rod

spacers are not modelled in the present version.

/FUEL STACK
UPPER
' PLENUM »//CLADDING
.,/
: AX(AL NODE  NAXIN
| NCDG (=2)
NODE L1 nooe
i L A o;ﬁf&.-k
grip - rRFOF| RpIP [RCOP ¥_
AXIAL NODE 2
f -+
AXIAL NODE 1
| _J )
LOWER
' PLENUM

Fig.

4

Nodalization of a fuel rod

Axial segments can have either identical or different length,

depending on the purpose of the analysis.

A segment is primarily

independent of the others except in a few models, e.g., axial gas flor

and the coolant enthalpy rise.

The radial power distribution (fractional) must be the same in all

_5_
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the axial segments. The initial geometry must alsoc be the same, but
provisions are made to account for the axially-variant 'initial strains’
such as fuel swelling or cladding creepdown, which had taken place during
steady reactor operations before the transient.

Thus the cross-sectional geometry of a partial bundle is fundamentally
common to all the axial segments. Figure 5 shows examples of cross
sections. Different from axial segmentation, the cross sectional geometry
is additive or modular, i.e., a partial bundle with arbitrary geometry

and size can be composed by a user combining 'unit cells'.

SINGLE RCD

PWR LATTICE
IN THE LOOP

(A PART)

—————  SOLID FACE
—um-—  SYMMETRY FACE
——e——-- BOUNDARY

Fig. 5 Examples of partial bundle geometry

Fach fuel rod is divided into four azimuthal sectors. A unit cell
is composed of a coolant subchannel and four surrounding fuel sectors, in
some cases also shroud and symmetry faces. Each fuel sector is primarily
independent of the others and, divided into radial rings, analyzed one-
dimensionally except in a few sub-models.

Consider as an example the partial bundle of Fig. 6. It is a 1/8

sector of a symmetrical 3 x 3 lattice. Three unit cells define the whole

—f —
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global

Q.
shroud ///face &
” . fuel

sector no.

Rod 1

Fig. 6 Fxample of sequential numbers defining
the geometry (used for the sample input
list in Table A5 of the APPENDIX)

geometry. In this example, no rod is completely within the partial
bundle, all located on the symmetry faces.

Four sectors of a rod have counter-clockwise sequential numbers.

The sequence includes alsc the secter which is outside a symmetry face,
i.e., outside the partial bundle., The code recognizes that odd-odd or
even-even pairs of sector numbers are diagonal.

Geometrical relatiomship between fuel sectors of different fuel rods
is indintified by specifying the correspondence between fuel rod sector
number, global face element number and local face number in & unit cell.
Three types of unit cell are used to define the partial bundle of Fig. 6.
Tn each type, the local face number sequence is determined as in Fig. 7.
All the face elements in the partial bundle, including the boundaries
hetween subchannels, are given global through numbers. Relationships

between them are specified by input:

fuel rod no. subchannel no.

} —— glcbal face no.

sector no. unit cell type

local face no.
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Fig. 7 Subchannel type number {(Roman
numerals) and local face number
(Arabic numerals)

Thus the geometrical relationship between two fuel sectors, facing
the same subchannel, is identified from their local face numbers, and
the thermal interaction between the sectors is treated using their global
face numbers.

Part of the external boundary may be a shroud face. A shroud piate
is modelled as a zero-thickness plate in thermal equilibrium with the
coolant, lying a half-pitch distance apart from the center of the outer-
most rod raw. Water rods and control-rod guide tubes are also treated
as 'shrouds' with cylindrical geometry: since their effects on fuel rods
are, in the present models, merely to ermit and absorb radiation energy,

it is not necessary to distinguish them.



JAERTI-M 9495

3. THERMAL MODELS

3.1 Scope

Heat transfer calculation are performed

1) inside fuel rods,
2} between fuel red and the coolant (convective}, and

3) between fuel reds, and between a rod and the coolant (radiant)}.

The phenomena 1) and 2) are treated simultaneously in each rod, but 3)
is separately calculated and the results are treated as additive heat
source terms in the next time step.

The convective heat transfer depends very much on the coolant states,
which usually change drastically during a cource of accident. For
necessary coolant state data, FRETA-B depends on the calculations by
reactor thermo-hydraulic codes or experimental data. FRETA-B has five

options for setting the boundary condition:

MODSHT=1 cladding temperature history is input,
MODSHT=2 axially uniform enthalpy and mass flux histories are input,
MODSHT=3 coolant state history at the inlet and outlet to the

core is input,

MODSHT=4 coolant temperature and heat transfer coefficient
histories at each axial node are input,

MODSHT=5 coolant enthalpy and mass flux histories at each axial

node are input,

The coolant pressure history data are required in all cases. With
MODSHT=3, local enthalpy at an axial ncde is calculated from the inlet
enthalpy and mass flux, assuming stationary coolant states. Therefore,
it is not applicable to the case with'rapid coolant state changes,
especially under reversal of flow direction.

FRETA-B makes no hydraulic calculation by itself. All the coolant
subchannels are assumed to have identical enthalpy and mass flux at an
elevation. With the options MODSHT=2, or 5, however, an option for
corrective‘maSs flux calculation is provided: when large ballconing of
the claddings resulted in local flow area reduction, the inmput mass flux
is redistributed among subchannels according to local flow resistances.

The radiant heat transfer model is fully two-dimensional. Other
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models are one-dimensional in each fuel secter. But the fuel center
temperature of each rod, which takes four different values after a
series of sectorwise calculation, is averaged to a single vaiue. This

calculation cycle corresponds to treating heat flow across the center.

3.2 Heat Source Terms

Heat sources considered in FRETA-B are, 1} prompt fission heat,
2} delayed fission heat, 3) decay heat after shutdown, and 4) metal-
water reaction heat in the cladding. The last one is calculated
separately and described in Chapter 4. For the first three, three input

options are provided:

1} total power history table is input,

2) delayed fission heat is calculated and used together with the
stored ANS 1978 standard table for decay heat,

3) The ANS standard table is used alone with a multiplication

factor of 1.2,

The relevant part of the ANS standard(3) is shown in Table 1, where
infinite duration of irradiation is assumed. When cptions 2} and 3)
are used, the power level at the onset of transient is input, and Table 1
data are used fractionally assuming the fission power of 200 MeV,
Delayed fission power is given as a fraction to the initial prompt
fission power pg by
6

Pplt) = Py I [A; exp(-t/T;)] (3.1)
i

P
E%:E_"!‘—BD; (3.2)
where P,(t) is delayed fission heat, f is the fraction of total delayed
neutron (0.007). Scram reactivity p, differs from reactor to reactor
and can be input. The terms A; and 7; are the fraction and half life,
respectively, of the i-th precurser nuclide and stored in the code.
Heat generation rate from the above sources is expressed in the form

P(n,8,r,z,t) = 50(n)-f(B,n)fg(r)-h(z)-p(t) (3.3

where n is rod number, 6 represents azimuthal sectors, r is radius, z is
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235

ANS 1978 standard decay heat table (

T

Py =t ot {D O o S -t =t (D O o nY = =

— O P

—~ oo b ra

ime After
Shutdown
(s)

.0000E+00
.5000E+00
.0000E+00
.0000E+00
.0000E+QO

.0000E+00
.0000E+01
.5000E+01
.0000E+01
.0000E+01

.0000E+01
.0000E+01
.0000E+02
.5000E+02
.0000£+02

.0000E+02
.0000E+02
.0000E+02
.0000£+03
.5000E+03

.CO00E+03
.0000E+03

.0000E+03.
.0000E+03

.0000E+04

1 .
U, 10 35 irradiation)

Decay Heat Power

F(t,=)

(MeV/fission)

UKo h ~ 00 O W WO P I I B

(SRR FLRN e -

— NN R W

.231E+01
.198E+01
.169E+01
.083E+01
.026E+0}

.B30£+00
.494E+00
.B82E+G0
.455E+00
.459E+00

.888E+00
.493E+00
.198E+00
.696E+00
.369E+00

.667E+Q0
.282E+00
.009E+00
.796E+00
.408E+00

.137€+00
.534E+00
.234€+00
.044E£+00
.908E+00Q
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axial elevation (segments) and t is time. Pp(n) is the average linear
heat rating of rod n at time zero. Equation (3.3) means that sectcrwise
power fraction can be given independently in each rod, but that axial
and radial power distribution (relative) are comuon to all rods and also

the time dependency is common to every local power.

3.3 Convective Heat Transfer at the Cladding Surface

Convective heat transfer equation is solved simultaneously with the
internal heat conduction equation successively in each fuel sector.
Except under options MODSHT=1 or 4, calculation starts from setting the
local instantaneous coolant state from the input history data.

Under options MODSHT=2 and 5, a set of enthalpy, pressure and mass
flux data is allocated to each axial node.

Under option MODSHT=3, local enthalpy at n—-th axial node from inlet
(or outlet if the outlet enthalpy is fower) is calculated assuming

stationary flow and power preduction as

n m
q.5;
- 9i°%

H=Hin* z

= (3.4)

where H;p, is inlet {or outlet) enthalpy, qim is heat flux at axial node i
in the previous time step, A4 1is flow area, S$; is conductive sﬁrface area
in segment i, and G is mass flux.

The coolant enthalpy and pressure data set is compared with the
steam table and the phase and temperature are determined. In the two-

phase state, quality and void fraction are calculated by

ba
I

{H - Hf)/(Hg - Hf) (3.5)

X Vg )
T Iox) ve ot X vg (3.6)

where X and o are quality and void fraction, respectively, H is enthalpy,
v is specific volume and suffices g and f mean saturated steam and fluid,
respectively. Thermal conductivity and viscosity data are also referred
to the table. .

Boiling curve is modelled as Fig. 8. Tt is composed of seven dif-
ferent relationships (modes) between the cladding wall temperature and

heat flux. One out of them is selected according to the state or from
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Forced convection

CHF_—“— to steam
X
s
L
@ _
"a‘ Nucleate @ Film g
:%J boiling boiling

Transition

poiling

Forced convection

to subcool water

Twall ~Tsat

Fig. 8 Boiling curve model and heat transfer correlaticns
{The mode number is attached to each curve.)
the comparison between the magnitudes of heat flux they give. The heat
transfer correlations as well as the logic tree to select one of them
was taken from RELAP4 MOD5(2) {some were discarded) as stated below,

Nomenclature is listed up at the end cof this section.

Mode 1 forced convection to subcooled water (Dittus—-Boelter)
k ol 0.8
= 0.023 = . .
h = 0.023 - Pr Re (3.7)
Mode 2 nucleate boiling (Thom)

(T, = Tope) €XP(P/1260) ,

= 3.8
g =1 0 073 1 (3.8)
Mode 4 transition boiling (McDenough-Milich-King)
- 9 = 4egp - C(F) (TW - TW,CHF) (3.9)

where Gopp 18 critical heat flux, and Tw,CHF is the corresponding wall
temperature in Mode 2, namely, the temperature derived by substituting

Gopp into the term g in (3.8}, c¢(pP) is a pressure-dependent coefficient
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given by the fcllowing table

P (psi) C(P)
2000 979.2
1000 1180.8

800 1501.2

Mode 5 stable film boiling (Groeneveld)

K &
: g 1,32 g 0.901
— '—P e f—
h = 0.00327 De r.t 7 [Reg{x + 5, (1 - Xx) }]
P 04—
(1.0 - 0.101 - %"t - T (3.10)
g
Mode 6 laminar pool boiling (Berenson)
3/
Mode 8 forced convection to superheated steam (Dittus-Boelter)
same in form as (3.7) but with steam properties.
Mode 9 low pressure film boiling (Dougall-Rohsenow)
Kg _ 6.4 Pg 0.8
h=0.023 = Pr " "jRe {X + == (1 - X}3}]"° {3.12)
Da g g Pr

Nomenclature is:

= heat flux (Btu/ft? hr)

g
h = heat transfer coefficient (Btu/ftZ °F hr)
T = temperature (°F)
P = pressure (1b/in?)
= density (1b/ft3)
x = quality
D = equivalent hydraulic diameter (in)
Re = Reynolds number
Pr = Prantdl number
k = thermal conductivity (Btu/ft °F)
u = viscosity (1b/ft hr)
Cp = specific heat at constant pressure (But/1b °F)
Heg = latent heat of vaporization (Btu/lb).



JAERI-M 9495

Subscripts f and g denote saturated fluid and steam conditions,

respectively.

Selection between Mode 2 and Modes 4, 5, 6 is made by comparing the heat
flux with the former mcde with the critical heat flux (CHF). 1In the
present logic tree, both departure from nucleate boiling (DNB) and
quenching are determined by the same CHF level.

In the two-phase state, GE blowdown CHF correlation(s) is used:

= 10° (0.8 - x) (G > 0.5 x 10%)
10% (0.84 - Xx) (G < 0.5 x 10%) (3.13)

Yenr

where g is critical heat flux (Btu/ft? hr), X is quality and ¢ is
CHF

mass flux (1b/ft? hr).

For subcooled water, one from the following three correlations is
used depending on the pressure:

Babcock and Wilcox-2 Correlation(7) (used when P > 1500 psi)

. _ 1.5509 - 0.40703(12De)
CHF 12.71%(3.0545¢")8

x {0.3702x10%(0.591376")% - 0.15208xH,,G) (3.14)

0.71186 + (2.0729x10° ") (P~-2000)
0.834 + (6.8479x10"%) (P-2000)

]

where G' = G/10%. The corrective term for non~uniform axial power

profile in the original correlation was omitted.

Barnet Correlation(g) {(used when 1000 < P < 1300)

A + B(Hf_Hin)

= 1p6
Gepp = 10° X - (3.15)
0.68 0,192 —6.512D,,G"
A = 67.45%xD, . G’ (1 - 0.744e y® )
' 1,261 . 0.817
B = 0.2587Dgh G’
’ 1,415 0,212
C = 185 x Dy G’ "
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. where Dyp = equivalent diameter for heated surface (im),
Dyy = VD, (Dp + Dyg) - Dy  (in),
Dy = fuel rod diameter (in},
I. = distance from the inlet (in),

Modified Barnet Correlation(g) (used when P < 725 psi)

Same in form as (3.15), but the coefficients A, B and C are given by

0.052 0,663 . ~11,34Dy,G'
A = 73.71D,, G (1 - 0.315e )
1,545 0,691
B = 0.104Dy, G'
B 0.0817,.,0.5866
C = 45.44D,% G

In the pressure range which is not covered by the above three
correlations, the critical heat flux is given by the interpolation of

the values at the both ends of the range.

3.4 Radiant Heat Transfer

Radiant heat transfer taking place outside fuel rods is described
hera, TFirst, the rod-tc-rod heat transfer is formulated, and the rod-to-
coolant heat transfer is treated as a purturbation to the former.

Basic assumptions are as follows:

1) each fuel sector surface or shroud element has uniform and
independent temperature and emissivity,
2) each axial segment is sufficiently long, so that axial heat

tranfer can be neglected.

Under these assumptions, the actual phenomenon is simplified tc a
two-dimensicnal radiant heat transfer problem in a vacuum space surrounded
by wall elements with different temperaturés. Absorption and emission
of radiation energy by the coclant can be accounted for by changing the
view factors that have been derived under vacuum. The wall elements
comprise actual solid surface elements and conceptual symmetry faces,
which are treated as completely reflective faces.

To simplifyléhe problem, a third assumpticn, fictitious this time,

is made:

3) the radiation travelling from a subchannel to the next one is

converted to isotropic (in hemi-sphere) flux at the boundary.
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This assumption enables modular formulation of the problem, i.e.,
derivation of the heat transfer for the whole bundle cross section from

those in subchannels.

3.4.1 View Factors under Vacuum

First, radiant heat transfer in a unit cell 1is formulated neglecting
rhe presence of coolant. The procedure in this step is described in
detail in textbooks of radiant heat transfer(IO), hence will be explained
only briefly here.

When two faces i and j with areas A; and A; are facing each other,

J

the view factor Fij ig defined as the fraction of the beams from I that

hit face j. A reciprocal relation exists:

AJ_FJ.J = AJF_']_I (3.16)

The view facter is generally obtained by dntegrating Lambert's
equation. But in two-dimensional problem, the procedure is reduced to
a simple geometrical relationship, manely cross-string method. 1In
Fig. 9(a), two faces i and j are represented by twc lines AB and (D,
which are intersections with the cross section. Then changing fhe

definition of A; to 'area per unit axial length',

(a) {b}

Fig. 9 Cross-string method for geometrical
view factors

1
AiFij =3 [(ap + BD} - (AC + BD}] (3.17)

This relationship of 'diagonal minus lateral' chord length is

generalized to the case of Fig. 9(b) where the two faces are partially



JAERI-M 9495

hidden by an obstacle. 1In this case, chords are partially substituted
by tangents to the obstacle as shown in the Figure. Chord lengths are
calculated using the initial geometry and dimensions of the bundle.

Then considering alsoc the part of radiation which reaches face j after

multiple reflections, total energy transfer from face i to j is given by

h *
Eij = £; €4 GT5 AiFij

= UTiinwij ‘ (3.18)

where ¢ is emissivity (= absorptivity), ¢ is Stefan-Boltzman constant
(5.67%x107% J/m? s K*) and T is temperature (K). In (3.18), the term
*

F;+ has the same meaning as F;; except that reflection is considered,

1] J
but the definition of wij includes the emissivities e£; and €5 of the
emitting and absorbing faces.

Tn a closed space, the fellowing relationships exist for the

summation of the view factors from & face to all faces in the space:

Z'Fij = 1 (3.19)
J
) mij =g (3.20)
J

*
The reciprocal relationship of (3.16) applies to Fij and wij too.
For calculating the modified view factor wij’ another quantity Rij
is defined as follows:

Rij = the energy flux leaving face j, when energy flux e; from
face i (equals the emissivity) is the only radiation

source in the space.

From this definition, the following relation between Rij and wij is
deduced:

£
=a e (3.21)

R
11 - .
J 1 EJ

A:V15
Then noting only the radiation originally emitted from face i, and
considering the energy balance among incident, absorbed and reflected
energies on face j, the following equation 1is obtained:
(l—Ej) [EiAiFi

n in nj 317

, + Z (AR, F_.)] = A.R.. (3.22)
J n
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where the summation in the braket 1is made on all reflective faces in a
unit cell. The first term in the braket means direct incidence from
face i to face j. Then still fixing the original emission source to
face i, a similar energy balance eguation is obtained on the next
reflective face (j+1).

Thus, if the total number of reflective faces (total minus boundary
faces) In the cell is ¥', ¥' set of equations are obtained with N’ unknown
variables R;iis Rip etc, Solving this set of equations for Rij’ and
applying (3.21) to the results, the modified view factors Vj; are
derived for combinaticns of face i and the solid faces. For boundary
faces on which reflective flux is zerc, the following equation is used

instead of (3.21):
Ajhim = €4A;Fip ﬁminAnan) ' (3.23)

Then the original emission from face ji+1 is considered, and the
same procedure is repeated. The emissions from boundary faces are
considered but the symmetry faces are excluded.

Thus modified view factors were determined for all combinations of
solid and boundary faces in-a unit cell. Using assumption 3), these
factors can be easily expanded to the combination of two faces in dif-
ferent unit cells, Let i and j be two sclid face elements in two

adjacent unit cells having a common boundary face m. Since A;¢;, is

the part of emission from face I that was 'absorbed' at the boundary

face m, the flux A;V;,/A, can be regarded as the source term in the next

cell. Hence,

Fig. 10 Connection of modified view factors
across boundary faces.
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Ay = (Aybin/An)Anbng = A;VinVn; (3.24)
Likewise, if faces i and j are separated by two boundary faces m and n,

Aj¥is = AiVimbmn¥nj (3.25)
Practically, however, this cell to cell migration chain cannot be traced
until the original emissicn decaYs completely. In the code, the number
of the chain is limited to two, that is, migrations into adjacent cells
and into the further next cells, including the back reflection into the

original cell, are considered,

3.4,2 Emission and Absorption by the Coolant

In the foregoing descriptions, the space between solid faces has
heen assumed to be vacuum. In fact, water absorbs and emits radiation
energy even in the steam phase. When the coolant is in the two-phase
state, scattering of light by water droplets poses another difficult
problem. The FRETA-B treatment of the coolant effect is essentially
that for the single-phase steam: the two-phase state is treated simply
as an interpolation between steam and completely absorptive [luild states.

When a lump of water vapor exists, an emissivity can be defined
for its surface. But different from solid surface case, the emissivity
of a vapor lump is not an intrinsic surface property; it depends also
on the mass of vapor behind the surface. Several correlations for vapor
emissivity have been proposed, out cof which FRETA-B uses Schack's

equation(ll):

0.8
7.0 (PeL)°" ,
€y = ’_557355_““_ (3.26)

where P is pressure (kg/em ), T, is temperature (°C) and I is the
representative dimension of the lump (m}.
Emissivity of the two-phase mixture with quality X is approximated

by the interpolation between unity (complete absorption) at x=0, and

the emissivity of the vapor saturated at the pressure eg(P) as

e =1+ (Eg(P) - 1)X (3.27)
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As on solid surfaces, emissivity and absorptivity of a wvapor lump are

identical and complementary to transmissivity:
£ = a.,=1-71 (3.28)

Tor each travelling of light from face i to j, the fraction of energy

lost in the coclant is given by (ag)ij {equals (e.).;), which is derived

g'ij
from (3.26) taking the representatlve distance L to be the distance
between the centers of the two face elements. Thus the geometrical view

factor F;; is replaced by

J

F'. s =F.. (T (3.29)

17 ij (Tglij

Using F'ij instead of F; the procedure of calculating the modified

js
view factors between face elements alsc applies to the case with the
absorption by the coolant. The factors naturally take smaller values

than in the vacuum case. Thus instead of (3.20},

J
The difference stands for the energy absorbed by the coolant, so that

modified view factor to or from the coclant can be defnined as

Ajeljp = Ap gy = Aztey - ? Aptbyg (3.3L)
where k represeﬁts k-th subchannel of the bundle, in which faces i and
j are located. 1t means that the vapor (or two-phase fluid) lump in
each subchannel can be treated just as solid face elements. The energy
transfer in the opposite direction, emissjon by the coclant and
absorption at a solid face, is alsc given by (3.18), using Apyy; of
(3.31) and taking 7; to be the coolant temperature. The 'connection’
of the view factors across boundary faces is made in the same way as

between solid faces.
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3.4.3 Method of Numerical Calculation

Net radiation energy leaving face i is given by

0; = e;0A; T4 = & (075 A505;) (3.32)
J

where the summation is made over all relevant solid face elements and
vapor lumps (subchannels). Ideally, equation (3.32) should be sub-
stituted into the total heat balance equation over the whole bundle,
including convective heat transfer and internal heat conduction, and
solved simultaneously. But it will make solution of the matrix
equation toc heavy a process because, In that case, the number of fuel
rod radial meshes is multiplied to the size of the matrix. In the code,
equation (3.32) is separated from the main thermal calculation routine
and the Q; values are used as the heat source term at the outermost
rings of fuel rods in the next time step.

The geometrical view factors A;F;4 are calculated on the initial
geometry of the bundle, sc that they need calculation only at the start
of a transient. But since the modified view factors are affected by
the coolant pressure and temperature, they need updating as the transient
progresses. This part of calculation is also too heavy a process to
repeat every time step. Therefore, the coolant pressure and temperature
are monitored at a point in the bundle, and the modified view factors
are updated only when the changes from the last updating exceeded

threshold values. The thresholds are determined as follows:
1) no updating if void fraction < 0.1,
2} update if void fraction 2 0.1, and

AT, > 100 °C (T < 400}
AT, > 50 °C (400 £ Te < 600)
ATo > 25 °C (Tp 2z 600)

3) update if void fraction > 0.1, and

AP > 20 kg/om? (p > 60)
AP > 10 kg/cm? (20 < P 5 60)
AP > 5 kg/em? (p < 20).
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3.5 Heat Conduction in Fuel Rods

One-dimensional heat conduction equation under cylindrical geometry
is written in analytical form as
] aT(r,t}

3 .
EE*(pCpT(r,t)) =y (k - J + S(r,t) (3.33)

where p is density, ¢, is specific heat, k is thermal conductivity and

P
S(r,t) is power demsity. It is transformed into finite difference form,
using central difference for space and Krank-Nicolson method for time.
Integrating (3.33) and substituting differential terms with finite
differences, the following general form of equation is obtained for
radial node point n:

a it 4 b A4 e Ty = dy (3.34)
where Tﬁ+l is the temperature at nede n in the new time step m+l, and
ap to dp are coefficients determined by the temperature distribution g
in the previous time step, and material properties at the temperatures,

Heat transfer at the pellet-clad gap is treated similarly by

converting gap conductance to gap thermal conductivity with appropriate

‘gap width' g as
k= h g (3.35)

Radiant heat transfer at the pellet-clad gap is nonlinear to tem-
perature. But linear approximation is made by writing the equation in

the form:

—  _ I
q = ATy Tn')
- 3 2 2 3
= A(T. 77 + Tpi1Tn * TneiTn * Tn ) (Tppr = Tn) (3.36)

where the present time step values are used only in the last linear term,
using the known previous-step values for the remaining terms.
Equations of the form (3.34) over a fuel sector are written in matrix

form as
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by <o T€+1 dg
ay by ¢ TT+1 dy
az by ¢o g+ dp
] = | . (3.37)
0 -1 Py-1 Cw-1 Tﬁfi dy-1
dpy bN T$+l dN

where N is the outer surface of the cladding. Making successive elimina-
tion from the top down to the N-th line (with suffix ~N-1) of (3.37), we
have
Tx_l + By Ty = Fy_y (3.38)
where E,_; and Fy_j are coefficients.
The last line of (3.37) is written as

+
ayTiid + byt = ay (3.39)

It expresses the heat balance in the outermost falf-mesh, and the term
dN contains the surface heat flux qm+l. Solving (3.38) and (3.39), we
have an equation of the form:

a T§+l + B = g™l (3.40)

where T$+l is, by the definition, the cladding surface temperature. As
stated in 3.4.3, the radiant heat flux is not considered in gL here:
it ie treated as an independent heat source (or sink) term. Hence,
another equation relating the surface heat flux to the cladding surface

temperature is selected from the convective heat transfer correlations

described in 3,3, and written in general form as

= ) (3.41)
Solving (3.40) and (3.41), we obtain the surface heat flux and the tem-—
perature at the outermost radial node. Then following the elimination

process of (3.38) backward, temperatures at all radial nodes are derived.



JAERI-M 9495

Since this solution procedure is applied successively to each fuel
sector, four different values of the center temperature will result for
each rod. To avoid this situation, and to account for the heat transfer
between fuel sectors, the calculated fuel temperatures at the inmer

radial nodes are averaged among four sectors. The extent to which this

fuel pellet

cladding

Fig. 11  Treatment of inter-sector heat flow
by connecting central rings

averaging is made is specified by the input variable NFLATT. For example,

if NFLATT = 2,

* .
Tl’j(jml,4) 7 (71,1 % Ty,2 + Tl’3 + Tl,4)
(3.42)

Wy

* .
Tg’j(J_lr4) (T2,l + T2’2 t Ty 3% T2’4)

where the first subscript denctes radial ncdes, and the second one the
*

i,3
temperature distribution in the next time step, so that repeating this

sector number. The averaged temperatures T are used as the old
cycle corresponds to calculating heat transfer between fuel sectors.
The option NFLATT is utilized to adjust the method to various circumstances

with different azimuthal temperature gradients.

| 3.6 Gap Conductance Model and Material Property Data

Heat transfer across -the fuel-clad gap takes place by sollid-solid
| contact, heat conduction through gas layer, and radiation. The Ross-
Stoute equation, which is originally for the contact case, is modified

to include the first two of the above.

| — 95 —
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With the nominal hot gap size (radial) tg, gap state is examined as
follows:
if tg,> 1.98 (Rfg + Ro), gap is open,

if &g = 1.98 (Rp + R.), gap is closed.

where Ry and R, are the arithmetic mean roughnesses of fuel pellet and

the cladding, respectively.

Modified Ross-Stoute equation for gap conductance 1is

k
g
n. = __+ h a en (3.43a)
5= T (g F ) , (gap open)
2 P; k
= i+ g + h, (gap closed) (3.43D)

RS B tg + (g + 9y)

where g

g

h_ = gap conductance (W/em °C)

k. =

H = Mayer hardness of the cladding (kg/cm )
P

h

thermal conductivity of the mixed gas (W/em °C)

; = contact pressure between pellet and cladding (kg/cm )

= radiant gap conductance,
R is the sgquare mean roughness of the fuel and cladding determined by
RZ2 + R
1/2
I - Y (3.44)
Z

The term t, is the thickness of gas layer in the roughness, given
empirically by

-0,00125P7

t, = 1.98e

o (Rg + R.) ‘ (3.45)

The terms g; and g, are temperature jump distances at the fuel and
cladding surfaces, respectively, and the sum of the two is given
empirically by

273 1/2
g_i___vj ]

_ H
g, *t 9, = 0.3831 [E { I (3.46)

where u is viscosity of the gas (g/em/s), P is gas pressure (kg/cm?) T
is temperature (°C) and ¥ is the average molecular weight of the gas.

Equation (3.43) assumes that pellets are in concentric position in
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the cladding. In fact, even when nominal hot gap is calculated to be

open, some of the pellet fragments are making soft contact with the
cladding. This effect is accounted for by a fractional relocation model;
it is assumed that 10 % of a pellet circumference (or sector circumference)
is making a soft contact with the cladding regardless of the hot gap

state, whereas the other 90 % remains in the concentric position. Thus

the gap heat transfer coefficient is given by

hg = 0.9 hy(ty) + 0.1 hg(ty ) - (3.47)
where hg(tg) is the conductance value determined by (3.43a) and tg' is

the soft-contact gap size given by
. ,
tg = 1.98 (Rg + R_) ' (3.48)
Thus the transition point from the open to closed gap states is

ty = ty' = 1.98 (Rg + R.) and Pj =0 (3.49)
Then equations (3.43a), (3.43b) and (3.47) all give an identical gap
conductance value, showing continuous shift of gap state, from open with
relocaticn, to closure with contact pressure.

The gap conductance by radiation is given by the equation for two

concentric cylinders:
g L IE Dyl gk
gy = 0{5_ + (< )Y Hret - 157} (3.50)

Linear approximation is made to the above equation in the form of (3.36).

Thus the radiant 'gap conductance' is given by

hy = U{EE + A— (— - Y YT + T ) (TE% + TLZ) (3.51)
c fc
where g is Stefan-Boltzman constant, £ is emissivity, A is surface area
and T is temperature in the previous time step. Suffices f and ¢ denote
fuel and cladding, respectlvely
Material properties relevant to the internal heat conductien are
specific heats and thermal conductivities of fuel pellet and the cladding,

emissivities of fuel and cladding surfaces, and the thermal conductivity



JAERI-M 9495

of the mixed gas. MATPRO models are used for most of them.
For thermal conductivity of UO; pellet, the Lvons' equation(lz) is

used with density correction term:

_ 1.025 D 38.24

-13 3
0.95 (129_4+T + 6.1256%x10 ) (3.52)

1
1 + P (1-D)

where k is thermal conductivity (W/em °C), T is temperature (K) and p
is fraction to theoretical density. No correction to the above thermal
conductivity is made for circumferential cracking of a pellet.

Thermal conductivity of mix filler gas in fuel rods is calculated
from the concentraticns of seven gases: helium, argon, krypton, Xenom,
hydrogen, air and water vapor. Thermal conductivities of each gas
component is taken from MATPRC, but the correction for small gap (so
called Knudsen domain correction) is not adopted. It is because the
effect is already censidered in the 'temperature jump distance' of the

Ross-Stoute equation.

3.7 Correction for Flow Area Reduction due to Ballooning

Extensive ballooning of the cladding affects the fuel rod thermal
states through the changes in the coclant state. FRETA-B treats it &s
a local purturbation from the input normal flow state, neglecting the
effects to the upstream and downstream segments. Large ballooning will
start near the center of the core height and propagate towards the both
ends. Also radially, it will start from some high temperature rods in
a bundle. Thus its primary effect to the coolant will be uneven mass
flux distribution among subchannels in the axial segment.

Pressure drop in a subchannel, 4p, over an axial segment is given by
Ap 8 =1 L %, : (3.53)

where S is flow area of the subchannel,?, is wet perimeter, L is the
length of the segment, and T is the shear stress at the wall, which is

related toc mean flow velocity by

_ 1 2 .
T = CF 5 Pl : (3.54)
Then
g c. ¥ L
pp = LWl o LW (3.55)
25 m 2p S .
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RN S

le———— AP const ————
(input}

L

Fig. 12 Re-distribution of input mass
flux according to local
frictions

where u, is the mean velocity, ¢ is density, and G is mass flux. The
friction coefflclent Cf is assumed to be constant over all the sub-
channels, though in fact it depends on the Reynolds number, hence on
the local flow state. Then under the conditien that the pressure drop
between the top and the botteom of the axial segment is the same in all

the subchannels, (3.55) leads to

fS

G =K (3.56)
S

where K is a constant. With the input average mass flux 5, local mass

flux in each subchannel is given by

5
_ j(l——) (Z Si)

w I 1
G;j = G —==——=""" (3.57)
S
Z[[(f) Si]
il w1

Flow area and wet perimeter are calculated from the fuel rod

geometry data, supplied from the mechanical subcode. The geometry of a

fuel rod is giwven in the form,

r; = £(8) (3.58)
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where rj is the outer surface radius at azimuthal angle & of rod i.
Using the pitch distance 2R, total wet perimeter of a subchanmel is

given by
a

dar
- 2 2 il
where the integration is made cver a w/2 span of each rod, and the summa-
tion is made over the four rods surrcunding the channel.
Likewise, flow area is given by

s; = 422 - T [ fr;(0)% do] | (3.61)

1

Use of (3.57) for re-distributing the input mass flux 1is restricted
te the case where the number of the reduced subchannel is small, so that
the total flow area in the cross section is not so different from the

initial condition.
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4. METAL-WATER REACTION MODEL

At high temperature, Zircaloy cladding tubes react with water {steam)

in the following mode:
Zr+2H20 %Zr02+2H2.

The zirconia layer forms on the surface, and oxygen diffuses from it
into the inner metal phase, raising the concentration there, Oxidation
also proceeds from the inner surface after the cladding rupture.

The metal-water reaction is calculated one-dimensionally in each
cladding sector if its temperature has exceeded the input threshold
value (usually 973 K). Figure 13 shows a model radial distributien of
oxygen in the cladding. The alpha-zirconium phase lies next to the cxide
laver. Beta zirconium phase may also be present in the inner part if
the temperature is high and the oxygen concentration is low. In this
model, however, the two phases are not distinguished because the oxygen

diffusion constants in them are known to be similar.

f
=
3 J A
‘:; e
: 1
] fixed concentration |
3 at a-phase boundary
a2 e ———————
: | / |
g Ly |
= I
5 ~
° I 2
- /—1 I [S5)
|
)!/ S
(30 et | |
- = ST
i R
1 | i I
! Lo
I | ! !
. c¢ladding cladding
inner surface outer surface

Fig. 13 Moving mesh for treating oxygen
" diffusion in the cladding. Broken
line shows the distribution after
adjustment for oxide layer growth
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Also for approximation, growth of the oxide layer is calculated by
an empirical formula, independently of the oxygen diffusion in the metal

phase. The growth rate follows the parabolic reaction rate rule:
hZ =K t (4.1)

where h is the thickness of oxide layer (cm), and t is time (s). K is
a temperature-dependent rate constant given, according to Cathcart(13),

by

35.2

X = 1.13 x 107 % -
exp ( RT

) (4.2)

where R is gas constant (kcal/mol K) and T is temperature (K).

Equation (4.1) is written in incremental form:
(W2 L2 = g (4.3)

where m+] denotes the present time step whose size is At, and m the

previous time step. Thus,

At = /(Zmﬂ + K At (4.4)
Volume increment of the oxide layer in unit axial length is
av = mli(r, - B2 - (x4 - H )2y (4.5)

where Ty is the inmitial outer surface radius. Oxidation from the inner
surface is calculated similarly.
Finally, reaction heat, given as follows, 1is added to linear heat

rating of the rod (sector):
Treact = PTOV"Q (£.6)
where p is the density of the original metal, and ¢ is reaction heat
(6512 J/g-Zircaloy).
Diffusion of oxygen in the metal phase is incrementally calculated

every time step using the results of oxidation calculation as boundary

condition. Diffusion equation under slab geometry is used:
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2
dc 8°c (4.7)

___.-D.--__
ot ar?
where ¢ is oxygen concentration (g/em3®), t is time (s), r is radius {(cm),
and p is diffusion constant (cm?/s)}, which is given by(l“)
51.0

D = 3,923 exp (- _EE_) (4.8)

The metal layer is divided into radial rings with variant thicknesses,
finer near the oxide phase and coarser in the interior. The mesh is
renewed every time step as oxidation reduces the total thickness cf the
metal layer.

As in the heat conduction equation, equation (4.7) is transformed
into finite difference equatjon: central difference for space and Krank-
Nicolson's method for time derivative are used. Then a set of linear

equations is obtained in the following general form for node i:

. . 4, T BLtC, F YL, 40C,, 4 T O .
“j-1 “i-2 Bl €4 Y141 %341 61 (4.9)

where c;_7, ¢y and ¢;;; are the concentrations in the present time step
and the coefficients o to & are dependent on the concentrations in the

previous time step.

Boundary condition at the outer surface is always given by a fixed
value of ¢, i.e., the concentration at the outermost node ¢y is set to
the equilibrium concentration at the g-Zr/{(o-Zr + Zr0,) phase boundary,

(15D,

which is nearly independent of temperature

¢y = 0.45365 g/cm?

On the other hand, the boundary condition at the inner surface (or

boundary) is given either by the fixed concentration:
cy = ¢y = 0.45365 (4.10)
when the cladding rupture has occurred, or from the no-flux cendition:

Bi' c1 + v¥2' cp = &1’ (4.11)

when the cladding is intact,
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In either case, Gauss' elimination procedure is applied to (4.9)
from the immer to the outer surfaces. For the i-th ring, the eliminaticn

up to ¢;_, gives an equation of the form:

+ F.c; = Gy : (4.12)

From (4.9) and (4.12), new equation fir (i+1)-th ring is derived as

E;, ¢; + F (4.13)

1 i+l =G

Cirl i+l

When i+l equals N, the outermost node, Ci1 is a known value from the
boundary condition, so that (4.13) readily gives the value of Cr_q®

Then substituting the concentraticn values successively into the equation
set of (4.13) form, the concentrations at all nodes are derived.

Since the total thickness of the metal phase decreases every time
step, the radial meshes are renewed at the start of every time step,
dividing the residual thickness into constant fractions. Discrete con-
centration values at the new node points are calculated by linear
interpolation of the values at the old nodes.

Average oxygen cencentration is calculated in each azimuthal sector

from the distribution thus obtained, for use in other subcodes.
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5. MECHANICAL MODELS

5.1 Scope

The defermation modes ccnsidered in FRETA-B are, thermal expansion

of fuel pellets and the cladding, pellet-cladding interaction (PCI), and

the cladding deformation due to differential pressure, e.g., ballooning

and collapse.

Bending of fuel rods, interaction with spacers, and rod-

rod mechanical interaction are not modelled in the present version.

Figure 14 shows the flow sheet of mechanical calculation,

subcode DEFORM is separately called for each axial segment.

The
Thermal

expansion of fuel pellet is calculated independently in each azimuthal

sector.

Expansion of the cladding is also determined at one point in

each sector, but for the later ballooning calculation, the number of

data point 1s artificially increased by interpolation to 16 or 20 for

each rod circumference,.

(START )

rbe11et Thermal ExpansiogJ

] Cladding Thermal Expansion]

[761adding Ballooning/Collapse J

\‘~\\‘N0
Contact?
YES

Gap Shift

Rod {oop
Axial foop

NC

Contact?

[7Offset Pressure-Induced Strains |

Diagonal Sector Pairs

[_C1adding PCI Strains, Contact Pressutg_J

e

Fig. 14

Flow sheet of the mechanical subcode
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The cladding deformation due to hydrostatic pressure difference is
calculated in all sectors regardless of the gap state. After that the
gap state is examined, and if a gap is closed, the result of the prior
calculation is offset and replaced by PCL calculatiom.

Treatment of the pressure—induced cladding deformation is quasi-
two—-dimensional: displacements of azimuthal nodes affects each other
through the curvature of the midplane profile. Treatment of PCI is
not completely independent in each sector: the gap size is averaged
between opposite sectors. '

The code has a criterion for the cladding rupture taken from MATPRO(3),
which compares hoop strains with threshold values. But since the
threshold values generally exceed the level at which rod-to-rod cecntact
occurs, the present code simply stops a calculation if displacement at
any node has progressed beyend the mid-point of rod-rod spacing.

Thermal expansion coefficients and elastic properties data were
mostly taken from MAIPRO, whereas the plastic behavior of the cladding

is determined by a set of creep equations taken from various sources.

5.2 Thermal Expansions

For calculating overall thermal expansion of a fuel pellet, the
effect of cracking must be considered.  FRETA-B has two options for its

treatment:

0
1

MODEXP

; half-crack model (GAPCON-THERMAL model),

; complete-crack model,

In the ccomplete-crack model, the expansion of every radial ring is
assumed to be unrestrained, so that the overall expansion is simply
given by the sum of local expansions. In the half-crack model, radial
cracks are assumed to extend from the outer surface to a radius of the
fuel and the expansions in the inner rings are restrained. But this
model is used only for the expansion in the radial direction; the
complete-crack model is always used in the axial direction.

The unrestrained thermal expansion of each ring is calculated by
the MATPRO model, in which linear thermal expansion is expressed as
integral length change from a reference temperature to temperature T (X):

[VOy] a = —4.972x107"% + 7,107x107T + 2.581x107 %12

+ 1.14x10 1373 (5.1)



JAERI-M 9495

[PuO,] a = =3.9735x107% + 8.4955x10" 61 + 2.15131077 77
+ 3.7143x107 1473 (5.2)

Thermal expansion of a mixed oxide is given by the weighted average of
the above two a values. Then two quantities AR; and ARj are defined

in each ring by

AR, = aj Ar; (5.3)
* *
AR} = a,°r; (5.4)

where Ar; and rE are the width and the mean radius of ring i, respectively,
at the reference temperature.

If MODEXP=0, a ring having the largest value of AR; is searched,
and (dencoting this ring as IB) the radial displacements of the rings

are given by
u; = bR} (i < IB) (5.5a)

+ ¥ AR: (IB+1 < 1) {5.5b)

1
u: = I AR§ (5.6)

Outward displacements of the cracked pieces convert the pellet-
cladding gap space to crack volumes. Crack volume per unit axial
length is given by

NFOP .
Ve =2 I (u, - AR})Ar;(1 +dy) (5.7)
i=1IB
where NFOP is the number of the cutermost fuel ring.
The axial expansien in each ring is calculated by multiplying the

cumulative thermal expansion ratio a by h the initial pellet height,.

pPO?
The fuel stack length change is determined by the axial expansion at a

representative radius T, which is given by

ry = radius at dish shoulder (dish pellet),
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radius of the input node (flat pellet),

Il

0 (flat pellet and nc input).

The initial pellet height at a radius r which is smaller than rz,; (dish

shoulder radius) is given, in one-end dish case, by
hgp = hpg = d + (R = [R? = 1?) (5.8

2 2 :
where R = (rg, + d )/2d, and d is the depth of spherical dish. This hgp
is used in place of hbo in the dish region, and the dish volume is

calculated by

Yaish =

NG-1
)
i=1

{a,;(hg = hg)} (5.9)
where NS is the node number of the representative point, hg is the
pellet height there, and A; is the cross sectional area of ring i. They
are all hot-state values.

All these calculaticns are made successively in each fuel sector.
To calculate total fuel stack elongation, unique value of axial elonga-
tion in an axial segment must be determined from the four different
values. For simplicity, it is made only by averaging the four values:
a representative sector is not determined as in the radial case. Total
dish volume is determined simply by adding the volume of (5.9) over all
sectors and all axial segments.

As in fuel, only four temperature data are available in a circum-
ference of the cladding, for calculating thermal expansion. But the
number of node points is increased to 16 or 20 per circumference for
smooth calculation of two-dimensional ballooning. Their temperatures

are given by interpolating the four calculated values, using the equation
T(8) = Ag + A; sin(8) + Ay sin(28) + A3 cos(€) (5.10)

where 8 is the azimuthal angle measured from a sector boundary, so that
the four calculated data are given at %—, %’W, %—n, and %—v.

Since the thin-shell model is used in all mechanical models of
claddings, thermal ekpansion is repreéented by that of the midplane.
Thermal expansion ccefficient of Zircaloy is texture dependent. In the

MATPRO model used in the code, a fixed texture Is implicitly assumed and
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the integral coefficients from a reference temperature are given

separately in axial and radial directions:

AL
Lo

—2.506%10 ° + 4.441x10 °T ( 300K

Il

1A

T £ 1073 K)

[axial] a

-8.3x1073 + 9.7x1075 T (1273 K £ 1) (5.11)

[radial] a = -2.373x10™% + 6.72Ix107°% T (300 K < T < 1073 K)

~6.8%x1073 + 9.7x10% T (1273 K 2 T) (5.12)

I

Between 1073 K and 1273 K, which is the two-phase region of unoxidized

Zircaloys, discrete data are given as a table.

5.3 Deformation of Cladding due to Pressure Difference

A cladding tube is assumed to be axially uniform in an segment.
Hence the treatment of ballooning and collapse is two-dimensicnal in
the transverse directicm.

Figure 15 shows the model of non-uniform deformation in a cladding
cross section. In each rod, cylindrical coordinate is used with origin
at the center of the original gecometry. Midplane radius r and wall
thickness h in an element of the cladding depends on azimuthal angle 6,

expressed by Fourier series every time step:

Ar
7w A
center of
curvature cladding
mid-plane

fuel
center

Fig, 15 Local curvature of the cladding

midplane
N
r(g) = rg* fapcos (nf) + bpsin(nd)] (5.13)
n=1 -
N
h(8) = h,y + [cphcos (n8) + dpsin(nd)] (5.14)
n=1
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where N is normally taken to 2 or 3. Using abreviations

r' = dr and r' = a_

dr
a3 a8 (ae’

the curvature at point (r,6) is given by

2 l2 —_ - "
g_: i = r< + 2r rer (5.15)
P

(r2 + r12)3/2

Here a local coordinate is introduced, which is distinguished from the

rodwise cylindrical coordinate by suffices:

local P «.... normal

t oo tangential
global (in a rod) T oeenns radial

8 ... azimuthal.

7-axis is common to the two coordinates from the assumption.
With zero curvature in z-direction, the cladding hoop stress is

given by the membrane theory as

_p bp

where p is the radius of curvature and 4p is derived from the rod internal
and external pressures p; and pg, respectively, as

bp = p; - Po (5.17)

Axial stress is assumed to be constant over a cross section and given by

P. 5. - P _(S; + 55)
Gy = ——2 SO = € (5.18)
<

where S; is the cross—sectional area of the rod internal volume and Se
is the area of the cladding cross section. They are calculated, using

the Fourier expansion (5.13) and (5.14), as

f 21 1 )
s; == [ (r(8) - = h(8)]°ds
2 0 2

h, 2 N :
2 Lfta - 50+ (b, 2 (5.19)
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th 2
Sc = 2 1y hy(l + e,7) (5.20)
CURVATURE INT./EXT. TEMPERATURES IN
/ THICKNESS PRESSURES 4 SECTORS
I l ______ interpolation with

{ Fourier series
STRESSES Jg ,Ua LOCAL TEMPERATURE

I .
VON-MISES EQUIVALENT STRESS G;%_

VoL e uniaxial creep equation
GENERALIZED STRAIN INCREMENT AEe

¥ J Prandtl-Reuss flow rule
STRAIN INCREMENTS A Ea,4&r .48,

¥

| wommaL DISPLACEMENT  Aw/
.............. curvature

[ DISPLACEMENTS IN r-0 COORDINATE A7, 26 |
l .............. Fourfer expansfon

[ new CURVE AND THICKNESS  r(g) , A(6)

Fig. 16 Flow of two-dimensional ballooning calculation

where ggb is the thermal strain in circumferential direction. Radial
stress component is neglected as is usual in the thin-shell model.

Using these stress components, elastic strains are calculated as

1
ei = E’(Gt - va,)
e _ 1 _
e, =% (0, - Vo) (5.21)
g =T (op +0y)

where E and v are the Young's modulus and Poisson's ratio of Zircaloy,

respectively.

With radial stress neglected, von Mises' equivalent stress is given

as

2

2= gpay * 07)1/2 (5.22)

Oeg = (G
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Using Ocg’ equivalent strain increment is calculated by

preP = gPear = £y At (5.23)

eq Oeq’ "
where f(c) represents a creep function of Zircaloy, details of which
will be described later. At is time step size.

Three components of the plastic strain increment are calculated

using Prandtl-Reuss flow rule as

peb = 325 ,p (5.24)
D = o T Ac .
. 2 Jeq eg
where S; represents three deviatoric stress components in the local
coordinate system,
At the end of the time step, total strain components are derived as
= ¢% P N th .
€; e + (ef) 14 * A;i + e {5.25)
With the strain components, normal and axial components of the

cladding local displacement are given by

= p hAeg (5.26)

AL = Az AEZ (5.27)

where Az is the axial segment length. In this model, displacement in a
cross section occurs only aleng the radius eof curvature, so that it has
no tangential component.

The normal displacement Awb is decomposed inte (r,8) components

in the rod global coordinate by

r Aw
Ar = - b (5.28)
,r'z + r?
— I AW
A8 = =3 P (5.29)
’r'z + r~ r
The wall thickness increment is simply given by
Ah = h Aep {5.30)
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Thus, though the increments of strains and displacements are

successively calculated at each circumferential nodes, they are not

independent of the deformations at other nodes; they affect each other
through the curvature of the midplane as calculated from the Fourier
series,

At the end of calculations on each rod, new geometry of the cladd-

ing is expressed by the feollowing data set:
(ri’old + Ari, el’old + Ael, hl,Old + Ahl) (_'L:l to Ne) (5.31)

It is used as the data set for the Fourier expansion in the next time
step. Merit of expressing the geometry by continuous function is that
it enables setting of azimuthal ncodes always at fixed angles from the
fuel center, instead of the nodes built into the material which change

the angle seen from the center.

5.4 Pellet-Cladding Interaction

The pellet-cladding gap state and the interaction are calculated at
one point in each sector of a rod axial segment. As shown in Fig. 14,
the gap state is examined after thermal expansions and the pressure-
induced cladding deformation were calculated.

First, the gap state is determined in each fuel sector independently.
Open or closed gap state is defined by the sign of the radial gap size
given by

tg = Icr = (Tpo 7t w) (5.32)

where U= 1.98 (Uf + Nga),

and I,y and rp, are radii of the claddingrinner surface and the fuel
outer surface, respectively, and p is surface roughness with suffices
f and ¢ meaning fuel and cladding, respectively. The radius Tor is
the value at the center of a sector: the added circumferential nodes
for ballooning calculation are not used here.

When tg is positive in all of four sectors, the gap is open and the
result of the prior pressure-deformation calculation is regarded as the
final result in the present time step. If, on the other hand, tg is

found to be mnegative in a fuel sector i, the gap size is averaged between

the opposite sectors:
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- L, 1
B (1,0+2) =5 {ltg); + (tg)is2} (5.33)

and the sign of Eg is checked again.

Thus gap closure is defined as the state of a couple of fuel
sectors diagonal to each other, and PCI is calculated for the couple.
The code is prepared te the situation that the gap is closed along one
diagonal of a rod, whereas open along the other one.

Fven in a general case, the magnitude of interaction is different
between two diagonal sector couples. But the interaction in each sector
is treated as if it is exisymmetric, to usé a simple form of the thin-

shell model. The following assumptions are made for simplification:

1) fuel pellet is much more rigid than Zircaloy cladding, so that
deflection of pellets can be neglected,

2) PCI is axially uniform in an axial segment and is independent
of the conditions in other segments,

3) after contact, no slipping between fuel and the cladding.

From assumption 1), displacement hence strain of the cladding is
uniquely determined by the differential thermal expansions of pellets
and the cladding. Therefore the purpose of calculating PCI is to derive

the contact pressure and the plastic strain increment of the cladding.

Fig. 17 Stress-relaxation model of
PCI strains

The PCTI- induced stress—strain history in a time step is treated as
a kind of stress relaxation testing with fixed displacement. At the
beginning of time step At, the excesé displacement of pellet is
accomodated entirely by elastic straining of the cladding. Then with

time, the elastic strain is gradually converted to plastic strain,
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reducing the stress. For calculating this process, the given time step
size At is divided into 2 to 30 sub-steps depending on the magnitude of
the initial elastic strain:

At = 8t] + Stg + cainiianen + 8ty : (5.34)

From thin shell model and neglecting radial stress again, the elastic

strain increments are related to stress increments by

e 1
Aeg = E’{AUG - v &dz)
E .
Asg = E'(AGZ - v Agg) (5.35)
re€ = -% (hog + 80)

From assumption 3), differential deflections of fuel and the cladd-
ing, both radial and axial, are known variables after thermal expansioms
were calculated. They, designated ¢ and H, are related to the cladding

strains by

h

¢ = et ruel) - retBiciad) = beg - res (5.36)
2 Irm

H = Aszh(fuel) - Aezh(clad) = Agg (5.37}

where Iy is midplane radius and k is wall thickness of the cladding,

h and Asgh(fuel) and thermal strain increments at the outer surface

t
and Aeg
of the pellet. The 9 and z components are in fact equal.

Substituting (5.35) into (5.36) and (5.37), we obtain

1 v h ;

E—(Aoe - v Ao,) 4 ST E (Acg + Aoy) = G (5.38)
o - 5.3
= (Ao, - v Acg) = H (5.39)

Solving (5.38) and (5.39),

G + v(l-B)H
ol = — e
oy = 15y (1-vive) E (5.40)

G + (I+VB}H

Bog = (1+v) (1-v+VvB)

{5.41)
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h

2 Iy

Substituting (5.40) and (5.41) into (5.35), the 'initial' elastic

where B =

strain of the time step At are calculated as

e init  (1-v2)G - v(l-v)BH _ _e,old

’ = ’ 42

o (17v) (1-vivE) T8 (5.42)
Lo 2

Ee,inlt . [{l-v=) + v(i+V)BJ]H n E§'OId (5.43)

z (1-v) (1-v+vB)

The initial stresses are obtained by adding Aog and Ao, to the correspond-
ing stresses at the end of the previous step. Using these stresses,

von Mises' equivalent stress is determined by

Opq = (062 + OO, * 022)1/2 , (5.44)
Then, using the uniaxial creep function, the generalized strain
increment in the first sub-step &t; is calculated. Its compornents are
calculated applying Prandtl-Reuss flow rule, as in the calculation of
pressure-induced deformation.
At the end of the sub step St;, elastic strains are reduced by the

same amount as the plastic strain Increments:
e P
§e; =~ § ey (5.453)

Then using (5.35), the stress increments (actually reduction) due to

relaxation are calculated as

ORI A e e

8 Og T2 (558 + vész)
(5.46)

_ B e e

§ o, = PR (§e; + vée™)

and subtracted from the "initial' stresses.
The procedure from (5.44) to (5.46) is repeated in subsequent sub-steps

to the last one § t and the stress components and the strain components,

N’
both elastic and plastic, are finally determined as the end state of
the wholie time step At as

old

. N
g, =c 779 + Aoénlt - I (bey)y ' (5.47)
3
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N

E? = e?ld +&s§’lnlt - T (6ef)j (5.48)
i ;
J

e = 290 4y (s (5.49)

J

The pellet—cladding contact pressure is calculated by

r.~-P_.+ ha
p = —22 8 - p, (5.50)
r i
cr

Different from the pressure-induced deformation case, the PCI
deformation of the cladding is evaluated at one point in each fuel
sector., The derived displacement is uniformly allocated to all the
added circumferential node points in the sector. Thus the Fourier
series fitting of the midplane locus is made with the same number of
circumferential data points along the circumference. Therefore, the
state of partial PCI, open gap aleong one diagonal and closed gap along

the other, can be treated with no difficulty in algorism.

5.5 Stress-Strain Constitutive Equation of Zircaloy

In both of the pressure-induced and PCI-induced cladding deformations,
the calculation procedure of plastic strain increment was to apply a
creep—type function to the veon-Mises' equivalent stress. In fact, the
plastic behavior of Zircaloy in the beta-phase and in the high-tempera-
ture range of the alpha phase is suited for the creep type of formulation:
strain rate is given as an explicit function of stress, with small strain
hardening considered as the primary creep term. But in the low tempera-
ture range of the alpha phase, where strain hardening is dominant in
determining the strain increment, the constitutive equation is given,
not in the creep form, but in the plasticity form. The whole temperature
range is divided into four ranges: 1) low-temperature range of the
alpha-phase, 2) high-temperature range of the alpha-phase, 3) two~phase
range, and 4) beta-phase range. Between 1) and 2), discontinuity is
unavoidable. Stress and strain are both expressed by true stress and

strain, respectively. Zircaloy-2 and Zircaloy-4 are not distinguished.

low-temperature rangé of alpha-phase (T < 900 K)

The MATPRO-09 model(3) is used with small mecdifications. The

constitutive equation is written in the form:
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g = K g (5.51)

where ¢ is stress (MN/m2), and ¢ denotes here total strain including both
elastic and plastic components, and X and n are constants determined by

temperature, cold work and fast neutron fluence.

K = (1.075%10° - 0.9996-T}+(1 - 0.546w) (5.52)
n = (-0.0186 + 7.11x10™% 7 - 7.721x1077 T2).¥+2 (5.53)
Y = 0.847 exp(-39.2w) + 0.153 - 0.0916w + 0.229w"

expl-(ot)L/3 / (3.73%x107 + 2x10% w)]

]
It

where 7 is temperature (K), w is cold work (m?/m2), ¢ is the fast neutron
flux (n/m? s) and ¢ is time (s).

For calculating the plastic strain increment, yielding of the material
must be checked. It is made by comparing the strains e¢; and e,, which

are determined by the new stress ¢ and the old plastic strain Egld as

el P9
17 Eo1a E
(5.54)
g . 1/n
€y = (‘ET? /
and if g1 » ep , the material is elastic and e = g,
if €1 £ g3 , the material is plastic and € = €3,

In the first case, there is no plastic strain increment, whereas

in the seccnd case, the increment is given by

AeP = ¢ - €§ld : (5.55)

High-temperature range of the alpha-phase (900K < T < 1093K)

Clay-Redding's secondary creep equation(ls) is used with the

Garcfalo-type primary creep term, as proposed in CANSWEL model (17D ;

el = ePS{(1 + 1.8 exp(-30:P)}

(5.56)
34508

P

£PS = 2920 oY exp(-
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where g is stress (MN/m?). In the original CANSWEL model, the strain
in the primary creep term of (5.56) was 'accumulated secondary creep
strain'. It was changed to the total plastic strain P for simplicity,
and the numerical constant was also changed accerdingly based on some

internal testing data.

Beta-phase range (1233K < T)

Clendening's secondary creep equation(IS) is used without primary

creep term., With the same unlts for stress and temperature,

. 182
eP = 24 537 exp(- TZO

(5.57)

The two-phase range (1093K < T < 12353K)

The complex superplastic behavior of Zircaloy has not yet been fully
elucidated. Hence the comstitutive equation in this range is simply
given by interpolation of the equations of alpha—, and beta-phases with

the fellowing assumptions:

1) volumetric compositions of the two phases are determined only
by the present temperature,

2} external load is borme by the internal stresses in the two
phases according to their compositioens,

3) the strains in the two phases induced by the internal stresses

are equal in amount.

Assuming linear dependency on temperature, volumetric fractions of

the two phases are given by

Ve = ((1253 - T)/160
(5.58)
VB =1-7v,
From assumption 2),
o = VCL Ty + VB g (5.59)

and from assumption 3), using (5.56) and (5.57) for the intermal stresses,

34508
T

eP = 2920 g.° exp(- ;§§2£5 (5.60)

a ) = 24 053'7 exp (-
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where the primary creep term was omitted from the alpha-phase equation.

Equations (5.59) and (5.60) are simultaneously solved by a numerical

procedure for given T and o, and the plastic strain rate is obtained.
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6. FUEL ROD INTERNAL GAS PRESSURE MODELS

The gas pressure at the cold state is input: as a transient code,
FRETA-B relies on other codes for estimating the amount of fission gas
released into the plenum during steady operations. The code calculates
the gas pressure at the hot state, and optionally transient gas flow
through the pellet-cladding gap. Naturally fuel rods are not divided
into azimuthal sectors in the pressure calculation, but free volumes in
the four sectors, calculated in other subcodes, are summed in each axial

segment or in a rod.

6.1 Uniform Gas Pressure in a Rod

If not specified the opposite by input, the gas pressure'in a fuel
rod is regarded uniform in every part. Free volumes considered are:
upper and lower (if any) plena, fuel-clad gap, ceanter hole, dish, and
crack volume of fuel pellets. Ideal gas law is applled to each volume

element:
PV, = ng E Ty {(6.1)

where P is pressure, R is gas constant, and vy, n;, T; are the volume,
gas moles, and the local temperature of volume element i. Volume
element is set for each category of void volume and for each axial
segment. Smaller volume elements in fuel radial rings and azimuthal
sectors are summed into axial-segmentwise volume elements. The mean

temperature of each volume element is decided as follows:

1) wupper and lower plenum temperatures are set equal to the outlet
and inlet coolant temperatures, respectively,

2) pellet-clad gap temperature is given by the average of the fuel
and cladding surface temperatures. Sectorwise values are
averaged.

3) the temperature at fuel crack volumes is given by the volumetric
average temperature of fuel, whereas the temperatures at center
hole, dish volumes are given by respective representative

temperatures, Sectorwise values are averaged.

Plenum volumes are reduced by differential thermal expansion between

fuel stack and cladding. The upper plenum volume is calculated by:
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Ak
V.., = b (I - §——) 6.2
pu pud [, ( )
where LpuO and Vp,po are the length and volume, respectively, of the upper

plenum in the cold state, and Ah is the differential thermal expansion.

Depending on the lower end geometry,

I (no lower plenum),

%— (with lower plenum).

The hot volume of the lower plenum, if any, is given by (6.2) with §
equals 1/2, i.e., when plena exist at both ends, the fuel stack elongation
is assumed to be accomodated equally at the both ends. Again, the stack
elengation is averaged over four azimuthal sectors.

Equaticn (6.1) is written in the form:

v
& (6.3)

)_i:ni

aelies)

Since gas pressure is uniform all over a fuel rod, {6.3) can be summed

over whole void volumes. Hence,

v
P=nR/1L (7); (6.4)
R
1
where n is the total gas moles in a rod.
When the cladding has ruptured at an elevation, the gas pressure is

instantaneously set equal to the current external pressure.

6.2 Transient Pressure Gradient and Axial Gas Flow

Transient axial gas pressure gradient in a rod arises from the
resistance to the gas flow from the plena‘to a fuel stack part where
temperature or void volume has drastically changed. The gas flow path
consists of the pellet-cladding gap and fuel cracks. Relocation of fuel
fragments converts the concentric gap space to complex crack volumes.
Rigorous modelling of the gas flow path is difficult under this complex
geometry, Therefore, an approximation is made that the fuel stack is in
the concentric positicn without relocation, and that the resultant uniform
gap space is the only gas flow path, deviation from the actual geometry
being considered by adjusting a numerical constant according to experimental

data.



JAERI-M 9495

The plenum gas is regarded as Piseulle fluid, i.e., laminar flow
with zero velocity at the solid walls. Thus the phenomenon is idealized
as a typical hydrodynamic problem in a closed space. But standard
procedures for treating such problems are not used here because of the

following stability-related problems:

1) since the flow and mass-balance equation is non-linear, the
Krank-Nicolson's semi-explict solution cannot be used,

2) implicit seolution, or explict solution with fine time meshing
is time consuming, and

3) the objective of calculating gas flow is to derive pressure
gradients under large flow resistances, not to derive gas

flows under small flow resistances.

Thus the problem is treated by switching between uniform-pressure,
and pressure-gradient assumptions depending on the instantaneous and local
stability.

The molecular gas flow through an annular part from position i+1 to

i is given by
3 2 i
T g¥ r* (P - P.%)
F o= i+1 1 (6.5)
12uRTY

where F is flow rate (moles/s), g and r are the width and the mean radius
of the annulus, respectively, P is pressure, p is viscosity, and £ is the
distance between the two positions.

Equation {£.5) transforms to the form:

2
FerY = Piil - Py (6.6)
where
gf - 1ZUR T 2 “1;’ T L (6.7)
T g r

Giving the variables in (6.7) the average values in axial segment i, the
f

flow resistance between two ends of the segment, R;, can be determined,

The resistance between the centers of the segments I and i+1 is given by

1

a - = i £
Ri,i+1 ) (Ri * Ri+l) (6.8)
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Then (6.6) can be modified to relate the gas flow rate to the square

pressure difference between axial segments i and i+I1:

f 2 2

R, , . °F. ., =P, - P, 6.9
i,i+1 " 1+1,1 i+l i ( )
where F;, 7 is molecular gas flow rate from segment i+l to segment I
(moles/s). Here an implicit approximaticn has been made that the flow
resistance befween two segments is 'concentrated' at the boundary.

The gas mele increase in unit time in segment i ig given by

2 2 2 2
P. - P. P, - P,
+ -
T e L g e (6.10)
Ry, i+1 Ri,i-1

The explict method of solution is to apply {6.10) successively to
all the axial segments including the plenum an&, using the old time step
values of pressure and flow resistance, to calculate the gas mole
increment in each segment and finally to derive new pressure values by
the ideal gas law.

But by this method, a stability problem arises when either gas mole
inventory is small in a segment, or the flow resistance is small (gap
size is large), or the time step size is large. To circumvent this
problem, a stability check is made in each segment successively from the

lower end using a factor defined by

£ = Lt (6.11)
nerY

First, the gas mole inventery and flow resistance of the lowest segment,
n, and R{, are substituted to {(6.11) together with the current time step
size. If the resultant £ value is greater than a limiting value which
ig currently 1077 (Mpa)~2, the stability of the segment is judged to be
insufficient. Then, the first and the second segments are integrated
into a single gas volume having a uniform pressure. The flow resistances
and gas moles are summed cver the two segments and the factor £ is
determined for the integrated volume by (6,11). This procedure is repeated
until, after integration of segments 1 to j, the f-factor is small enough.

Thus the first integrated gas vo}ume, which comprises segments 1 to j,
has been determined, and integration into the next one is started from

segment j+1 upward in the same way. The last gas volume includes the
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Fig. 18 Integration of axial segments into
uniform-pressure volumes

upper plenum. The number of the integrated volumes M differs from time
step to step. When the pellet-cladding gap size is large In every axial
segment, all the segments and plena are integrated into a signle gas
volume, that is, the uniform pressure option in temporarily adopted.
When the number of the integrated volumes is not unity, the pressure

in each volume V_ (m equals 1 to M) is calculated as in the case of
uniform gas pressure over a rod, namely, summation of V/T over all the
segments that belong to V. Also the inter-segment flow resistance
given by (6.8) is replaced by inter-integrated-volume resistances.

Then the gas mole balance equation (6.9) is applied to the flow between
the integrated volumes. From the results, the pressure in Vv, at the end

cf the time step is obtained as:

Pm= (n_+bn )R/ T (%}. (6.12)

m i
im
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Since the pressure P, is common to all segments which belong to Vg, the
segmentwise gas inventory is calculated by
n; =p_ (%, /R (6.13)
i "m ‘'l *
The above procedure was in fact a method for calculating gas flow
through idealized concentric pellet-cladding gap. More generally,

equation (6.5) can be written in the form:

P > P 2

T o= i+l ~ i
=1 5. S S 6.14
F=qa Pl JURTA ( )

where D is the midplane diameter of the flow path, Dy is equivalent
hydraulic diameter and Aa is a numerical constant called Hagen number.
Equations of the form (6.14) can universally treat the flows in annular

paths and cylindrical tubes. TIn the present annular flow case,

D = 2r
Dy = 29 {(6.15)
Ha = 96.

The actual complex geometry of the flow path is considered by changing

the Ha number. According to an experiment(lg), the Ha number is at

least 200. The number is left as an input option with a standard value

of 200.
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7. CONCLUSION

The calculation runs of FRETA-B for verification are now under way.
The results will be published in separate papers.

A key point in expanding the previous FRETA code into a multi-rod
version was to avoid much increase in necegsary core memory sSpace and
calculation time. This line has been kept through the development work
up to the present version., The already-performed verification runs have
shown that the calculation times, when divided by the total number of
node points, are similar to those by the previous single-rod version.

It was accomplished by the limited use of two-dimensional treatment
as well as frequent use of explicit sclution method. But at the same
time, those verification runs have also shown that the thermal model
requires still more two-dimensiomal treatments: the assumption of
uniform coolant temperature in all subchannels of a bundle (cross sec-
tion) requires modification., To enrich these models avolding excessive
burden on calculation time is the next task.

The present code has some inconsistencies between submodels, e.g.,
neglect of the cladding oxide layer in thermal and mechanical calcula-
tions. The amendments of these inconsistencies will be undertaken in

the development work to the next version.
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APPENDIX INPUT MANUAL

One FRETA-B run treats one transient event with a set of initial
condition data and time-dependent data. The input data classified into

five groups with different formats, configurated in the following order:

1) Title Card Format (20A4)

2) NAMELIST /NAM1/
Mainly single variables are input. DMost variables have
stored standard values, so that users can specify only
those variables which they wish to change from the standard
values. Some /NAM1/ data specify the sizes of the array
data to be input in the subsequent groups.

3) NAMELIST /NAM2/
Array data.

4) Fixed-Format Card Group 1
This group specifies how the bundle in problem is constructed
from subchannels and face elements.

5) Fixed-Format Card Group 2
This group is optional, being used only when it is specified
in /NAMLl/. It is meant for easy inputting of voluminous
coolant condition history data, and can be input either from

logical terminal number 5 (card) or from 30 (disc or tape).

(1) Namelist Card Groups

Namelists /NAML/ and /NAM2/ are given in Tables Al and A2, respec-
tively. For some variables, users are referred to the example in Table
AS5. The /NAM1/ variables are classified into 10 groups in Table Al,
but it is only for cenmvenience of tabulation. As standard namelist
grammer tells, the order in the Table has nothing to do with the actual

configuration on input cards.

(2) Fixed-Format Card Group 1

This group of cards are necessary if KRADC = 1 in /NAM1/. The
option means that radiant heat transfer is to be calculated. But in
the FRETA-B logic, KRADC must always be unity when a bundle geometry
(multiple rods) is analyzed, and the configuration of channel and face
elements is specified by this group. Users are referred tec Chapter 2

of the main text for the definitions of the terms used here.
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This card group specifies the correspondence between sequential
numbers of fuel rods, subchannels and face elements.

First, all subchannels in a (partial) bundle are given sequential
numbers in arbitrary order,

Second, all fuel rods in the (partial) bundle including those
intersected by symmetry faces are given sequential numbers also in
arbitrary order.

Third, azimuthal sectors in each rod are given numbers 1 to 4 in
counter-clockwise sequence {(top Giew). The number 1 can be given teo an
arbitrary sector including one which is completely outside a symmetry
face. Here an azimuthal sector always means a qurter of a rod, even if
a symmetry face cuts the sector to two halves,

Fourth, all face elements forming the partial bundle are given
sequential numbers. In this case, face elemenﬁs outside the symmetry
face must be omitted. The total number of the face elements must equal
the NSURF value in /NAM1/. 1In this sequence, fuel rod surface elements
must come first, and next, other solid faces follow. Then symmetry face
elements and boundary faces fcllow in this or the opposite order. The
order in each face group can be arbitrary.

Fifth, for each face element, the type of the coolant subchannel
geometry and the position in the channel type to which the face element
in problem corresponds, must be identified. Five subchannel types are
prepared in the present wversion, and their numbers and local face numbers
are shown in Fig. 7.

The variables and their formats of this card group are explained
in Table A3. 1In addition, an example igs given in Table A5 using a simple

bundle geometry cf Fig. 6,

(3) Fizxed-Format Card Group 2
This card group is necessary only when MODSHT equals 5 and ICTAFE
equals 5 or 30. It serves for easy inputting of voluminous coolant
state history data supplied from other hydrodynamic codes or experimental
data records.
If ICTAPE=5, this card group is input by cards, as other card groups.
T1f TICTAPE=30, the data are input from the logical terminal number
30, which is allocated to either disc or tape.
The array name of this group is a two-dimansional array TVSCT(TI,J),

which represent time, coolant pressure, mass flux and enthalpy depending
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on the I value. Their configuration and formats are shown in Table A4.
NTVSCT sets, as input in /NaM1/, of data must be input, In each set,
the first card specifies the time, and then a card in each axial mode
block, as specified by JCCND data in /NAM1/, gives the local coolant

condition data.
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Table Al
NAMELIST /NAML/
N Description Stored
ame riptio Value

L GROUP 1 ] Fuel Geometry Data (common to all rods)

TEMPO Initial fuel temperature. The following dimensional 25.0
data are defined at this temperature. (°C)

RFIP Fuel inmer radius (cm) 0.0

RFOT Fuel pellet outer radius (cm) 0.46597

RCIP Cladding inner radius (cm) 0.47422

RCOP Cladding outer radius (cm) 0.53594

HPELT Fuel pellet height (cm) 1.5

ZFUEL Fuel stack height (cm) 365,76

ZCLAD Cladding length (cm), Not necessary when VPLNU¢ is 0.0
input.

DDEPTH Pellet dish depth {(cm) For one-end dish, negative 0.0
value is input.

RDISH Dish shoulder radius (ecm) Axial thermal expansion 0.0
of the pellet stack is estimated at this radius,

FRDEN Fuel pellet density (fraction to theoretical density) 0.95

PITCH Fuel rod to rod pitch (cm) 1.43

DEQ Equivalent hydraulic diameter of the coclant channel 0.0
{cm) If not input, calculated from PITCH.

FAREA Coolant flow area (cmz) 1t zerb, calculated from 0.0
PITCH.

ROUF Arithmetic mean roughness of pellet {cm) 0.0004

ROYUC Arithmetic mean roughness of cladding (cm) 0,0002
{ GROUP 2 1} Material Data

FRPUGZ Fraction of Pul; in fuel pellet 0.0
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Table Al
NAMELIST  /NAML/ (cont'd)
. Stored
Name Description Value
MATCLD Cladding material: = 2 (Zircaloy-2) 4
= 4 (Zircaloy-4)
COLDW Cold work of the cladding (cm?/cm?) 0.2
TMELT Melting point of fuel (°C) 2800.0
[ GROUP 3 ] Plenum Gas Data
VPLNUg Upper plenum volume (cm®), If zero, calculated 0.0
from other dimensional data. '
VPLNL) Lower plenum volume at TPLEN (cm?) 0.0
TPLEN(N) , s o
N=1,NROD Initial plenum temperature (°C) 25.0
GASPRS (W) Plenum gas pressure at TPLEN {(kg/ce). If zero, 0.0
N=1,NROD
calculated from GASMOL.
GASMOL.(N) Cas moles in each fuel red. Not necessary when 0.0
N=L,NROD | aspRS # 0.
GASMIX(N,N) Composition of plenum gas. (volume fraction) 1.0,
J=1,7 _ . -
N=1,NROD GASMIX(1) = Helium GASMIX(5) = Hydrogen 6x0.0
GASMIX(2) = Argon CASMIX(6) = Air
GASMIX(3) = Krypton GASMIX(7) = Vapor
GCASMIX(4) = Xenon
[ GROUP 4 ] Space Mesh Data
NOCHAN Number of coolant subchannels. 1 (<20)
NROD Number of fuel rods. 1 (<10)
NSURF Total number of solid face elements. Not necessary 0 (<80)
when radiant heat transfer is not calculated.
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Table Al
NAMELIST JNAML/ {(cont'd)
, Stored
D .
Name egcription Value
NAXIN Number of axial segments of fuel rods. Exclude upper 1 (<10)
and lower plena. When segments with different lengths
are required, input a negative value.
NODF Number of radial rings in a fuel pellet sector. 5
NODC Number of radial rings in a cladding sector. 2
(NODF + NODC < 9)
NODS The radial ring number at which the axial expansion 0
of fuel column is determined., If zero, the expansion
is calculated at dish shoulder radius. 1If RDISH is
also zero, RFQGP/2 is used,
NDIV Option for radial mesh in fuel pellet. 1
NDIV = 0 rings with equal thickness
NDIV = 1 rings with equal mass (volume)
NBPOIN Number of circumferential meshes in ballconing 12
calculation, Either 4, or 12, or 20.
NFLATT The radial ring number from which inward, temperatures 1
are averaged among four circumferential sectors.
NFORDR Maximum order of Fourier series in the ballooning 2
calculation. {< NBPOIN/2-1)
NSYMSF Number of fuel sector outside the partial bundle whose 0]
state is refered to the state of a symmetrical sector
inside the partial bundle.
Omit in the single-rod case. In the Fig. 6 case,
NSYMSF = 6.
[ GROUP 5 ] Time Step and Power Data
TIMEd The initial time of transient calculation (s) 0.0
TMAX The duration of the transient (s) (end time - TIMES) 0.0
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Table Al
NAMELIST  /NAML/ (cont'd)
. s ' S d
Name Description JZ?E;
DT Uniform time step size (s). Omit if time step size 0.01
is time dependent.
NTSTP Length of time step size vs. time table (TVSDT) 1
te be input in /NAM2/, Omit if DT is used.
DTSFMX Maximum allowable jump of the caldding temperature 6.0
in a time step (°C)
POWERG (N) The average linear heat rating of rod N at TIMEO 0.0
N=1,NROD (w/cm)., The term ?O(n) of eqn. (3.3).
BURNO The average burnup at TIMEO (MWD /MTM) 0.0
NPOWER Length of the average power vs. rime table (POWER) to 0
be input in /NAM2/, or option switch about power data. (<10D)
NPOWER > O POWER(2,J), J=1,NPOWER are input in
JNAM2/ .
NPOWER = -1 ANS standard table (420 %) is used.
NPOWER = -2 Modified Shure's eguation plus
delayed fissicn heat,
NRFPOW Option of radial power gradient data. 0
NRPOW = 0 radially uniform power generation.
NRPOW = 1 FRPDR(2,J), J=1,NRPOW are input in
/NAM2/ .
FRTPW(IL,N) Relative powers of all fuel sectors of rod N 1.0
1=1,4 . .
N=1,NROD The term f (8,n) of eqn. (3.3? in the main text.
RSCRAM Seram reactivity of the reactor. Used when NPOWER 0.03
= _2.
[ GROUP 6 ] Coolant Conditicn Data
MODSHT Option for setting the boundary condition in thermal 1

calculation.

MODSHT = 1 Cladding temperature history is input

_66r
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Table Al
NAMELIST /NaML/ (cont'd)
R Stored
Name Description value
MODSHT = 2 Average coolant condition history 1s
input.
= 3 (Cpolant history is input at the inlet
and outlet.
= 4 Local heat transfer coefficient
history is input,
= 5 Local coolant condition history is
input,
Dependent on this option, following data must be
input in /NAML/ and /NAM2/:
MODSHT
1 2 3 4 5
NAML MINTFPC O @] O
JCCND O o o
ICTAPE o
NAMZ TVSCT O O O
TCMFL O O
TVHIN A Fal
TVHOT A A
TVHAV O
TVCPRS @] O O O
; A : Only the smaller one out of TVHIN, TVHOT
i requires accurate data. Input a large
‘ value to the other one.
NCPRS ‘ Length of the coolant pressure table (TVCPRS). 1 (<101)
NMFL Length of the coolant mass flux table (TVMFL). 1 (<101)
NHIN | Length of the coolant inlet enthalpy table (TVHIN). 0 (<101)
NHOT Length of the coolant outlet enthalpy table (TVHOT). 0 (<101)
NHAV Length of -the coolant average enthalpy table (TVHAV). | 0 (<101)
NTVSCT Length of the coolant condition table (TVSCT). 0 (<101)
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/NaMl/ {cont'd)

Name

Description

Stored
Value

MINTPC

JCCND{20)

(Omit if MODSHT = 2 or 3.)

The coolant condition or cladding temperature data
need not be specified at all axial segments. TFor
unspecified segments; these data are determined
either blockwise or.by linear interpolation acceding
to the JCCND data:

MINTFC

0 blockwise data are input,

1 linear interpolation is made,

(Omit if MODSHT = 2 or 3.)
Dependent on MINTPC, the axial segment numbers
either at the ends of coolant data blocks, or of the

positions at which the data are specified.

1) When MINTPC = 0
(example) When the total number of axial segments
is 9, and the same conditions can be assumed
in the segments 1 to 3, 4 to 5, and 6 to 9,
JCCND = 3, 5, 9.
2) When MINTPC = 1
(example) When the coolant data are available
only at segments 1, 4 and 9,
JCCND = 1, 4, 9.
For other segments, linear interpolation is

made.

ICTAPE

Necessary only when MODSHT = 5. Since the option
MODSHT = 5 generally requires voluminous coclant
data, user can either input these data in the
namelist /NAM2/, or as fixed-format data at the
end by card, disc, or tape.
ICTAPE
ICTAPE

It

0 TVSCT dats are input in /NAM2/.
5 TVSCGT data are input at the end in

i

fixed format.
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Table Al
NAMELIST  /NAM1/ {cont'd)
N Description Stored
ame rip Value
ICTAPE = 30 same as ICTAPE = 5, but either disc
or tape is used through the logical
machine number 30 (READ(30)).
[ GROUP 7 ] Miscellanecus Data and Options
IOPTGF Option for transient gas flow calculation. 0
= 0 uniform pressure in a fuel rod,
=1 pressure gradient and gas flow are
calculated.
KRADC Option for radiant heat transfer calculatiomn. 1
= 7 calculated, = 0 not calculated.
If KRADC = 1, detailed bundle geometry must be input
in fixed format after /NAM2/. In multi-rod cases,
KRADC must be unity.
ICNTCT = pellet—clad contact is nct anticipated at TIMES, 0
=1 pellet-clad contact is anticipated.
If ICNTCT = 1, the initial condition of transient is
calculated with smaller time step size.
KFLBIK Option of the coolant subchannel reduction 0
calculation:
= (0 not made, = 1 made.
TLOWMW Temperature above which metal-water reaction is 700.0
calculated (°C).
RATEMW Reaction heat of metal-water reaction (J/g-Zr) 6512.0
COEFMW(J) Coefficients of weight-gain equation for metal-water
J=1,2 reaction:
W=4; exp( - A/R T ) 1.13x1072
A; = COEFMW(1) ((g-2zr)2/cm® ) 35900.0

Ap, = COEFMW(2) {cal/mole)
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JNAML/ {cont'd)

Name

Stored

D ipti
escription Value

HAINP

Hagen number in transient gas flow calculation. 200.0

MODEXF

Option for pellet thermal expansion calculation, 1

0  half-crack model,

!

I

1 complete-crack medel,

[ GROUP 8 ] Data for Output Control
Output of transient calculation is made by three
subroutines PRIN2D, PRINTI, and PRINT2, which can be

used optionally:

PRIN2D outputs the results all over the bundle in
standard format.

PRINTL makes PRIN2D type output at selected sectors
of selected rods, but in all axial segments.
It makes printeut of radial temperature
distribution.

PRINT? makes history-table type printout at selected
locations on some key variables.

User can choose eithér or both of PRINZD and
PRINTL printouts. The number of PRINTZ2 output is

fixed to 200 points over the entire calculation time.

KPRINT

chocses either or both of PRIN2D and PRINTIL: 01

It

KPRINT = 01  PRIN2D is used,

10 PRINTL is used,

I

KPRINT
11 hoth are used,.

KPRINT

NTPRIN

Total number of printouts with PRINZD: 1 (<51)
NTPRIN = 0 output at 1 s interval if TPRINT(1)=0,
output at t s interval if TPRINT(1)=t,
NTPRIN = n output at times specified in /NAMZ /[
by TPRINT(I),I=1, n.

NTPRNL

Same as NTPRIN, but controls PRINTL output, 0 (<51)
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Table Al
NAMELIST /NAML/ {cont'd)
s Stored
Name Description Value
NPRP1(I) Specifies the nodes at which PRINTL output.is made.
I=1,10 NPRPL(I) = n x 100 + 1
n = rod number, 1 = circumferential sector
number
KPRHIS Option fer selecting key parameters in PRINTZ output: 0
KPRHIS = 0 mainly thermal parameters,
= ] mainly mechanical parameters.
NPRHIS(T) Specifies the nodes at which history table output
1=1,10 is made by PRINTZ.
NPRETS(T) = n x 100 + j x 10 + 1
n = rod number
i = axial segment number
1 = circumferential sector number.
NPRHIS(I) also specifies the nodes from which the
plotting data are taken when IPLOT = 1.
[ GROUP 9 ] Specifies Plotter Format
IPLOT Option for pletter cutput: 0
= 0 no plotter output, =1 plotter output.
WXAX Length of X-axis (mm). 150.0
WYAX Length of Y-axis (mm). 200.0
TRLX{L) TBLX(1) = minimum value of X-axis (s}, 0.0
I=1,3 TBLX(2) = maximum value of X-axis (s), 50,0
TBLX(3) = interval at which the scale is indicated
on X-axis (s). 10.0
IPLOTM{I) Specifies the variables to be plotted.
I=1,13 IPLOTM(I) = O variable I is not pletted, 13 = 1
=1 variable I is plotted,

= -1 wvariable I is superimposed on

the previous plot,
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/NaM1/ (cont'd)

Name

Degcription

Stored
Value

where 13 wvariables are as follows:

1
2
3
A
5
6
7
8
9

10
11
12
13

linear heat rating (W/cm)
cladding outer temperature (°C)
cladding inner temperature (°C)
fuel outer temperature {(°C)
fuel inner temperature {°C)
coolant temperature (°C)
cooclant quality

convective heat transfer coefficient (W/cm” °C)
cladding total hocp strain
cladding plastic hoop strain
cladding plastic axial strain
rod inner pressure (kg/sz)

coolant pressure (kg/cm?) .

TBLY (3, 1)
1=1,13

TBLY(1,I)
TBLY{2,1)

Vogxis minimum value of variable I,

Y-axis maximum value of wvariable T,

li

TBLY(3,I) = Y-axis scaling interval of variable T.

These three data are input in the unit of variable

T shown in parentheses in the description of TPLOTM(I) .
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In spacial array data, the argument symbols are
used in the meaning: L=sector, J=axial segment,
/NAM2 / N=rod.

Array Name

Description

HL(J) )
. h .

J=1, -NAXIN Length of axial segments (cm) Necessary only when NAXIN < O
HO?E?(;,L,J,N) Initial thickness of the cladding oxide layer (mm).

=1, ‘

L=1,4 Not necessary if zero.

J=1,NAXIN _ ) _

N=1, NROD I =1 inner surface, I=2 outer surface,
DSWEL{L,J,N) Initial displacement of pellet outer surface (cm). Swelling

1=1,4

e . ] d .
J=1.NAXIN and densification during steady operation can be accounted
N=1,NROD for by this input. Not necessary if zero.

EPS¢(K,L,J,N)
K=1,3
L=1,NEPOLN
J=1,NAXIN
N=1,NROD

Initial permanent strain (except plastic strain) of the
cladding.
K =1 hoop, K =2 axial, K =3 radial

Not necessary if zero.

EPSP6 (K,L,.J,N)

Initial plastic strain of the cladding. Meanings of
parameters are the same as EPS¢. Not necessary if zero.
Strains of EPSP4 are considered in strain hardening

calculation, but EPS¢ strains are not.

TYSDI(I,J) Time step size table. Not necessary if NTSTP = 0,
I=1,2 TVSDI(L,J) = time (s)
J=1,NTSTP TYSDT(2,J) = time step size (s).
TPRINT(I) Time when PRIN2D cutput is made (s). The start and the end
I=1,NTPRIN states of transient are alwavs output without specifying here.
See NTPRIN descripticon in /NAML/.
TPRINZ (J)

J=1,NTPRINL

Same as TPRINT(J), but controls PRINT1 cutput.

POWER(T,J)
1=1,2
J=1,NPOWER

Bundle average power history table,

POWER(1,.) time (s)
POWER(2,.J)

When POWERG # O, POWER(2,J) is multiplied to POWER®.

power fraction.

When POWER$ = 0, POWER(2,J) must be input in absolute value
(W/cm) .
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JNAM2 / (cont'd)

Array Name

Description

FAPPOL(T) Axial power distribution (fraction). WNormalization is not
J=1,NAXIN necessary.

FRPDR(X, T) Radial power distributicn table in fuel pellet.
K=1,2 FRPDR(1,I) = radius (cm)
I=1,NRPOW FRPDR(2,I) = power density (fraction).

Normalization is not necessary.

TVCPRS (K, T)

Coolant pressure history table.

K=1,2 TCVPRS(1,I) = time (s)
T=1,NCPRS TCVPRS{2,1I} = pressure (kg/cm?)
TVMFL(X, 1) Coclant mass flux history table.
¥=1,2 TVMFL(1,I) = time (s)
I=1,NMFL TYMFL(2,1) = mass flux (kg/m? s)
TVHIN(K, I) Coolant inlet enthalpy history table.
K=1,2 TVHIN{(1,I) = time (s)
I=1,NHIN TVHIN(2,I) = enthalpy (J/kg)
TVHOT (K, I) Coolant outlet enthaply history table.
K=1,2 TVHOT(1,I} = time (s)
I=1,NHOT TVHOT(2,I) = enthalpy (J/kg)
The smaller one out of TVHIN and TVEOT must be given accurate
values, but the larger one only needs an arbitrary value which
indicates that it is larger than the other.
TVHAV (K, T) Coolant average enthalpy history table.
K=1,2 TVHAV(1,I) = time (s)
T=1,NHAV TVHAV(2,T) = enthalpy (J/kg)
TVSCT(K,I) Boundary condition history table. Necessary only when MODSHT
I=1,NTVSCT =1, 4, and 5. If MODSHT = 5 and ICTAPE # 0, TVSCT data are

input not here but at the end in fixed format. TVSCT data
represent different arrays depending on the value of MODSHT.

Following abbreviations are used for explanation: € =

time (s), Tq = cladding surface temperature (°C), T, = coolant

temp, (°C).
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Table A2
NAMELIST JNAM2/ {cont'd)
Array Name Description
h = heat thansfer coefficient (W/cm”? °C), p = coolant
pressure (kg/cmz), G = mass flux (kg/m2 s), B = enthalpy
(J/kg).
o MODSHT = 1
TVSCT(1,1) = t]
TVSCT(2,1) = Tg  vevuvnns axial block 1 (up to JCCND(1))
TVSCT(3,1) = Tg v.envenn axial block 2 {(up to JCCKD(2})
TVSCT(n,1) = Tg v.vvuns. axial block n (up to JCCND(n})
TVSCT(1,2) = t2
TVSCT(2,2) = Tg  veuvvvnn axial block 1
TVSCT(n,2) = Tg wiwesren axial block n
s MODSHT = 4
TVSCT(1,1) = t1
TVSCT(2,1) = T,° .
TVSCT(3,1) = h J Tttt axial block 1
TVSCT(4,1) = T¢) ,
TVSCT(5.1) =h J "trrttte axial block 2
TVSCT(1,2) = t?
TVSCT(2,2) = T¢) )
TVSCT(3,2) = h Joreeeee axial block 1
o MODSHT = 5
TVSCT(1,1) = t]
TVSCT(2,1) = p
TVSCT(3,1) = G | vvveuernn axial bleck 1
TVSCT(4,1) = H
TVSCT(5,1) = p
TVSCT(6,1) = G | vuuueun- axial block 2
TVSCT(7,1) = H
TYSCT(1,2) = to
TVSCT(2,2) = p
TVSCT(3,2) = G | veurennn axial block 1
TVSCT(4,2) = K
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Table A3
Fixed-Format Card Group 1 ‘ Radiant Heat Transfer Data
Omit if KRADC = 0.
Card | Column Variable Description
Channel Data (NOCHAN cards are successively input.)
1 1- 3 Comment field
4-10 ITYP(L) Channel type number

11-15 ISUF(1,T) Global face number of local face number 1 in channel 1

16 - 20 ISUF(2,1) Global face number of local face number 2 in channel 2

46 -~ 50 ISUF(8,1) Clobal face number of local face number 8 in channel 1

Tace Element Data {(For fuel rod surfaces, one card is
| necessary for each face element. TFor other faces, one

card is required for each category.)

Z 1- 5 NSFL First global face number.

6 - 10 "NSF2 Second global face number, Same data are allocated
to face elements from NSFl to NSFZ2. If zero, set

equal to NSFL,

11-15 MATER Category number of the face element group:
MATER

0 symmetry face,

structural ccomponent surface,

It

1
2 fuel rod surface,
3

boﬁndary between gubchannels.

16 - 20 IRCD(L,J) Necessary only for fuel rod surface elements,

21-125 TROD(2,J) IROD specifies the fuel rod node number tc which

global face number J corresponds.

IROD{1,J) = circumferential sector number,
IROD(2,J) = rod number.
(axially uniform)
26 - 35 EMISSF emissivity of the face group
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Table A3
{cont'd)

Card | Column Variable Description
Data of fuel rod surface elements outgide the symmetry
faces. Omit if NSYMSF = O,
This card group specifies, from symmetry, which fuel
sector outside the partial bundle is identical to which
fuel sector inside. Input NSYMSF sets of data in
FORMAT (16 (1x,12,211)).

3 1 Comment field

2 - 3 |ISYMSF(1,1) | Rod number

4 TISYMSF(2,1) | Fuel sectcr number outside the symmetry face

5 ISYMSF(3,1) | Fuel sector number with which ISYMSF(2,1) is
symmetrical.

6 Comment field

7 - 8 | ISYMSF(1,2) | Red number
9 ISYMSF(2,2) | Fuel sector number

10 ISYMSF(3,2) | Fuel sector number

symmetrical.

outside the symmetry face

with which ISYMSF(2,2) is
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Table A4
Fixed-Fermat Card Group 2 Coolant Condition Data
Card | Format Variable
1 £E10.0 | TVSCT(1,1) | time (s)  (first data point)
' oy | first axial block
E10.0 | TVSCT(2,1) | coolant pressure (kg/cm®) (JCCND(1))
la E10.0 | TVSCT(3,1) | mass flux (kg/m2 s)
E10.0 | TVSCT(4,1) | enthalpy (J/g)
E10.0 | TVSCT(5,1) | coclant pressure ]
second axial block
1b | E10.0 | TVSCT(6,1) | mass flux - CICND(2))
E10.0 | TVSCT(7,1) | enthalpy
E10.0 | TVSCT(k,1) | coolant pressure ]
top axial block
in E10.0 | TVSCT(%,1) | mass flux (JCCND(1))
E10.0 | TVSCT(m,1l} | enthalpy
2 EL10.0 | TVSCT(1,2) | time {second data point)
E10.0 | TVSCT(2,2) | coolant pressure
2a .
n E10.0 | TVSCT(1l,n) | time (n—-th data point)
EL0.0 | TVSCT(2,n) | coolant pressure
na
nm EL0.0 | TVSCT(m,n) | enthalpy
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Table A5 Sample input list (for the geometry, see Figs. 6 and 7.}

BUNDLE TEST ASS.8017

ENAM1 RFOP=0.460,RCIP=0.4740,RCOP=0.536,RDISH=0.0,
HPELT=2.0,ZFUEL=90.0,VPLNUO=3%25.0,GASPRS5=3%x50.0,
PITCH=1.43,POWERO=3%0.24+,

TMAX=60.0,DT=0.5C~

DTSFMX=6.0.,

NOCHAN=3,NROD=3,NSURF=14,NAXIN=-3,
RELOCT=0.0,NRPOW=C.
NPOWER=1B,NCPRS=1,NMFL=1,NHIN=1,NHOT=4,

NTPRIN=5.,

NTPRN1=1,
NPRHIS=10202,10203,20201,0,0,0,0,C,0,0,
KPRINT=01,KPRHIS=0,ICNTCT=0,KRADC=1,NSYMSF=6,

MODSHT=3,

NTSTP=4.,

&END

ENAM2 FAPPO=3%x1.0.,

TPRINT=0.0,5.,10.,15.,25.,

TPRIN1=120..,

HL=44.9,20.0,25.1,

TVCPRS=0.0,1.0,

TVMFL=0.0,0.947,

TVHIN=0.0,3.052E+6~

TYHOT=0.0,3.072E+4, 30.,3.072E+6, 100.,3.48B6E+v6, 120.,3.486E+6,
POWER=0.0,1.0, 17.,1.0, 22.,20.2, 24.,29.2, 32.,88.0, 42.,88.000000000
44 .,97.2, 50.,102.8, 58.,102.8, 60.,91.5, 73.,91.5, 76.,110.7000000000
84.,110.7, 86.,112.4, 96.,112.4, 98.,33.6, 100.,0.0, 120.,0.0000000000
TVSDT=0.0,1.0, 15.0,1.0. 17.0,0.5, 120.0-0.5,

&END
CH1 2 13 1 3 9 14 70N
CH2 3 2 10 13 6 4 11 ——— channel data
CH3 1 5 14 12 8 -
1 2 2 1 .75 ~
2 2 3 1 .75
3 2 1 2 .75 fuel reod surface
4 2 A 2 .75 elements
5 2 2 2 .75
6 2 2 3 .75 -
7 8 1 .90 - shroud face
G 12 0 symmetry face
13 14 3 -_ e bhoundary face
0112 0143 0231 0332 0312 0342 - ———— gymmetry relationship
== maf e mE———— P ———k———— 3w —k————f————¥——— =5 ¥ —— 4



