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ABSTRACT

FRAPCON=~2 is a FORTRAN IV computer code that calculates the
steady state response of light water reactor fuel rods during long-
term burnupe. The code calculates the temperatures pressures
deformations, and failure histories of a fuel rod as functions of
time-dependent fuel rod power and coplant boundary conditions. The
phenomena modeled by the code include {(a)} heat conduction through
the fuel and cladding» (b} cladding elastic and plastic deformations
(c) fuel-cladding mechanical interaction, (d) fission gas release,
{e) fuel rod internal gas pressurey (f) heat transfer between fuel
and claddings {(g) cladding oxidation, and (h} heat transfer from
cladding to cocolants The code contains necessary material
properties, water properties, and heat transfer correlations.
FRAPCON=2 is programmed for use an the CODC Cyber 175 and 176
computers,.

The FRAPCON-2 code is designed to generate initial conditions
for transient fuel rod analysis by either the FRAP-Té& computer code
or the thermal~hydraulic codes RELAP4/MOD7 Version 2.
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FRAPCON-2: A COMPUTER CODE FOR THE CALCULATION OF
STEADY STATE THERMAL-MECHANICAL BEHAVIOR Cf

OXIDE FUEL RODS

l. INTRODUCTION

l«1 Objectives of the FRAPCON Series

The ability to accurately calculate the performance of light
water reactor (LWR) fue! rods under long—-term burnup conditions is a
major objective of the Reactor Safety Research Program being
conducted by the U.S. Nuciear Regulatory Commission (NRC). To
achieve this objective, the NRC has sponsored an extensive program
of analytical computer code developments as wett as both in-pile and
out-of-pile experiments to benchmark and assess the analytical code
capabilities. The computer code being developed for the calculation
of the Jong-term burnup response of a single fuel rod is
FRAPCGNs. This report describes FRAPCON-2» the second released code
of the FRAPCON series.

FRAPCON=-2 is an analytical tool that calculates LWR fuel rod
behavior when power and boundary condition changes are sufficiently
slow for the term "steady state™ to applys. This includes situations
such as Jlong periods at constant power and slow power ramps which
are typical of normal power reactor operations. The code calculates
the wvariation with time of all significant fuel rod variables,
including fuel and cladding temperatures, ctltadding hoop strain,
cladding oxidations fuel irradiation swellings fuel densification,
fission gas releases and rod internal gas pressure. In addition,
the code is designed to generate initial conditions for transient



fuel rod analysis by either FRAP—Tb;l the companion transient fuel

2
rod analysis c¢odes or RELAP4/MOD7, a thermal=hydraulic code for
transient analysis of LWR systems,

FRAPCON-2Z2 és linked with the HATPR03 materijals oproperties
package. Thus, the wuser is not required to provide any material
property input. The MATPRD subcode s composed of modular
subroutines that define materials properties for temperatures
ranging from room temperatures to temperatures above meltinjg. Each
sudroutine detines onty a single material property. For example,
MATPRT contains suorsutines defining fuel tnermat conductivity as a
function of fyel temperature and fuel cgensity; fuel thermal
expansion as a function of tuel temperature; and the <c¢iladding
stress=strain refation as a function of ciadding temperatures strain

rates cold works and fast neutron fluence.

The development of the FRAPCON series is a joint effort of
Idaho National Engineering Laboratory (INEL) and Pacific Northwest
Laboratory (PNLI® which began with the deveiopment of FRAPCON-1.
The basis of the FRAPCON-1 code Is the FRAP—S34 code developed at
INEL with two major changes. First, the code was modified for
dynamic dimensioning to increase the number of computer facilities
on which the <code could be installed. Second, the FRAP-53
temperature subcode was freplaced by a more versatile subcode
developed at PNL. The major improvements in FRAPCON-2 with respect
to FRAPCUN-ib incluce three advanced mechanics optionss FRACAS-II
and AXISYM developed at INEL and PELET from GAPCDN—THERH&L-35

a. INEL and PNL are o?erated for the Department of Energy by EGEG
Idaho Inc.s and Batteltle Memorial Institutes respectively.

be FRAPCON-1sy MATPRO~1QAs Idaho National Engineerlng Laboratorys
EGEG Jdahos Ince.s Code Configuration Contro! Number HOO/30IB.



developed at PNLs fFour additional fission gas rejease optionss and

an uncertalinty analysis option.

l.2

6

Limitations of FRAPCDN-2

The ¢code has inherent limitations., The major limitations aret

The thermal models of the code are based on steady state
data and equations. Thereforey, calculated temperatures
will become progressively inaccurate due to this
assumption alone as input power histories result in power
ramp rates greater than about 0.02% per
seconds Similiarlys the gas release modelis are based on
steady state data and do not reflect release rates

expected for rapid power changes.

Only small cladding deformations are meaningful. All of
the thermal and mechanics modeling options assume an
axisymmetric fuel rod. Large deformations (>5X strain);
which tend to become asymmetric, will not be traced well
by the FRAPCON-2 code. In addition, vrapid deformation
{greater thamn about 0.002Z per second) will not be
accurately calculated since a transient temperature
calculation would be required to properiy include the

thermal-mechanical feedback.

Large power changes are not acceptable to the PELET
mechanics model. If the PELET option is choseny, power
step changes greater than 5 kW/m (1.5 kW/ft) per time step
should not be wused. The PELET sojution routine s



incremental and path dependents and power steps larger
than the Jimit stated above result in an unacceptably

large stress-strain increment.

1.3 Report Quttine and Relation to Other Reports

Sections 2. and 3. of this report deal with the modeling
concepts and the ¢code descriptions respectively. Input
instructionss a sample casesr materials propertiess and subroutine
interrelation are discussed in the appendixes. The reader is
cautioned that, although the thermai and mechanical models are
described separately, they actually are highty interrelated.
Section 2,2 is included prior to the detailed modeling descriptions
to outline these interrelationships.

This report does not present an assessment of the code
performance with respect to in-reactor data. Critical comparisons
with experimental data from well-characterizeds instrumented test
rods will be presented in a separate report describing the
developmental assessment of the code. General comparison with a
much larger body of data will be presented Iin a report describing
the independent assessment of the FRAPCON-2 code conducted at
INEL.

2+ GENERAL MODELING DESCRIPTIQNS

2.1 FRAPCON-2 Solution Scheme

The FRAPCUN-2 <code idteratively calculates the interrelated
effects of fuel and cladding temperatures rod internal gas pressure:



fuel and cladding deformations release of fission product gases:
fuel swellting and densification, cladding thermal) expansion snd
irradiation~induced growths c¢cladding corrosions and c¢rud deposition

as functions of time and fue! rod specific power.

The <calculational procedure is illustrated in Figure 1, a
simplified flowchart of FRAPCON—-2. (A detailed flowchart is
provided 1in Section 3)s The calculation begins with processing of
input data. Next, the initial fuel rod state is determined through
a self-initialization <calculation, Time is advanced according to
the input-specified time step sizer a steady state solution s
performeds and the new fuel rod state is determineds The new fuel
rod state provides the initial state conditions for the next time
step. The <calculations are cycled in this manner for the user-

specified number of time steps.

The solution for each time step consists of (a) a calculation
of the temperature of the fuel and the ctadding, (b} a catculation
of fuel and cladding defaormations and (¢) a cadculation of the
fission product generation and, void volume, and fuel rod internal
gas pressure. When the FRACAS-I mechanics model is chosens the fuel
rod failure probability is also calculated, Each of these
calculations is wmade in a separate subcode. As is shown in
Figure 1s the fuel rod response for each time step is determined by
repeated cycling through two nested loops of calculations untit the
fuel rod temperatures deformation, and internal gas pressure

converges.

For the FRACAS mechanics modelsy, the fuei temperature and
deformation are alternately calcuiated In the inner loop. On the
first cycte through this {loop for each time steps the gap conduc-



Input data

are specified

Initial conditions

are computed

Fuel rod temperatures

are computed

l

Fuel and cladding

deformation are computed

Y

Gas release, void volumes,
and gas pressure

are computed

i

Rod failure
is checked
(Optional)

i

New Time step

Figure 1. Simplified FRAPCON-2 flow chart.



tance is computed using the fuel—-cladding gap size from the previous
time steps Then the fuel rod temperature distribution is computed.
This temperature distribution feeds the deformation calculation by
influencing the fuel! and <¢iadding thermat expansions and the
cladding stress—strain relation. An updated fuel-cladding gap size
is calculated and used in the gap conductance calculation on the
next <c¢ycle through the inner 1oop. The cyglic process through the
inner Jloop is repeated until two successive c¢ycles calculate

essentialiy the same temperature distribution.

The outer loop of calculations is cycled in a manner similar to
that of the inner Joops but with the amount of internal gas being
determined during each iteration. The <calculation alternates
between the fuel roo void volume-gas pressure calculation and the
fuel rod temperature—deformatlon calculation. On the first cycle
through the outer loop for each time steps the gas pressure from the
previous time step is used. For each cycle through the outer loop,
the number of gas moles is calculated and the updated gas pressure
computed and fed back to the deformation and temperature
calculations (the inner loop)e The calcutations are cycled until
tWo successive cycles calcuiate essentiatlly the same gas
pressure. When the fuel rod failure option is chosen (see Section
246)» and after the fuel rod temperatures, deformation and number of
gas moles cailculated in the two inner 100ps have convergedy fuel rod
failure probability is computed. Then a new power time step is

begun,.

A different solution scheme is used when the PELET mechanics
option is chosen. Quring the first pressure iterations a
simultaneoys solution of fuel stress and fuel-cladding gap slize s
performed for each axial region prior to the fuel temperature
calculation. These calculations are updated during subsequent gas



pressure calculation iterationss After convergence on fuel rod
internal gas pressures an incremental elastic-plastic deformation
calculation is performed for the entire fuel rods. These incremental
results are used to update the stress and strain arrays.

22 Coupling of Thermal and Mechanical Models

The coupling of thermal and mechanical models is such that the
packages cannot be wused interchangeably. Each thermal-mechanical
package and its unifying principles are discussed betow starting
with the two FRACAS packages and then the PELET/RADIAL package.

2241 The FRACAS Models. The <close coupling of the thermal
modeling and mechanical modeting is the result of the existence of
the fuel-cladding gaps» and therefore, the space for fuel cracking
and relocatlion. As the fuel temperature increasess the extreme
stresses resulting from the large temperature gradients in the fuel
cause fuel cracking and relocation to occure Void space which s
originatly in the fuel=cladding gap is relocated into the fuel as
fragments of fuel move outwardly into the fuel-c¢cladding gap. The
fuel cracking causes a c¢hange in the effective fuel thermal
conductivity from the as—fabricated state value.

As the fuel! becomes hotters the fuel expands filling some of
the voids within the fuel. However asperities do not align exactiy,
thereby causing the fuel diameter to appear farger and the fuel to
interact wWith the cladding at a lower power than that expected due
to normal expansion mechanisms (thermal expansion, swellings and

densification).



The modeling of the cracked anc relocated fuel, both thermally
and mechanicallys requires accounting for the changed fuel
conductivitys changed fuel-cladding gap size f{and hence gap
conductancels anu the changed fuel pellet diameter as the fuel
interacts with the <c¢laddings Tw0o models are used to account for
these phenomena: effective fuel thermal c¢onductivity and fuel
surface relocation, The effective fuel <concuctivity model is a
correlation which provides a multiplier on the MATPRO fuel
concductivitys. The fuel surface relocation provides a new fuel-
cladding gap size for wuse in gap conductance <calculations and
mechanical interaction calcultations., Also considered is the shift
of voids from the fuel—-cladoing gap inte the fuel pellet (and the
resultant pressure change) angd the feedback into the mechanics and

thermal calculationse.

FRACAS-17 uses the effective fuel conductivity and the
relocated fuei=-cladding gap size for the thermal calculations but
does not make uyse of the fuel surface relecation in the mechanics

calculation.

FRACAS-II uses the effective fuel conductivity and the
relocated fuel-cladding gap size for the thermal calculations but,
unlike FRACAS-], the relocated fuel surface is used in the mechanics
calculations. A model is used to account for time dependant "hot-

pressing” of misaligned fuel fragments.,

2e2e2 PELET/RADIAL. The thermal and mechanical responses of a fuel
rod to power changes are known to be interdependent. In the
conventional view of a solid pellet stack located concentrically
Within the claddings this mutual dependence can be summarized as
follows:
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1. The symmetric fuel=-cladding gap closes with increasing
power due to differential thermal expansion. After fuel-
cladding contact occurss» further power increase results in
increasing fuel—cladding interfacial pressure and an axial

ang ragial load on the cladding.

2. CGn the other hands the fuel-cladding gap closure and
interfacial pressure c¢hanges due the increase in rod power
result in an increasing thermal conductance at the fuei-
cladding interface. This feedback tends to counteract the
decrease in fuel intrinsic thermal conductivity with

ingreasing fuel temperature.

In the above views the "free area" Wwithin a given cross-
section of the rod resides totalily in the fuel-cladding gap. The
model is ynified by accounting for how various submodels {thermal
expansions fuel relocationr fuel densification, etc.) change the

fuel—cladding gap size.

A different view is now proposed which has a more complete set
of wunifying principless This new view is based on the fuel pellets
being randomly crackeds as is shown in Figure 2. These cracks are
commonly observed in fuel peltets even after very Llittle
irradiation. They are caused by the thermat hoop stresses resulting
from the steep radial temperature gradients in the fuels, The new
modeling of this phenomenon includes a function that relates the
crack geometry {(width) to the fuel stresses. The fuel stresses in
turn are related tc the fuel temperatures by the differential
thermat expansions of fuel and claddings Thus the crack geometry is
related to the fuel rod thermal and wmechanical responses and to
power changes. The concept is briefly discussed below.

11



Figure 2, Unifying principles of cracked fuel,.

The "free area™ is actually cistributed between the fuel cracks
and the fuel=-clgdding gspe. The amount of free area that is occupieo
by the cracks is determined by the lengths and the widths of the
cracks.s The lengths of the cracks can be defined by ¢hoosing an
appropriate crack pattern from postirraclation examination
data. The wicdth of a crack is determined by the interfrapment loadas
(fuel stresses) that cause the cracks to close auring an Increase in
powere A retationship between crack width and applied stress was

12



given by Mikicd

d 8]
1/2 exrfe{—Y)Y= —=
(R/E) o+ (1)
where
erfc = complimentary error function
= l - erf
d = separation between mean surface planes of crack
interfaces {crack width)
® = surface roughness of c¢rack face (1l standard
deviation of asperity heights)
o = normal stress apgiliied to crack
H = Meyer hardness of uranium dioxide.

In this application, the surface roughness is actually the
reughness which is composed of a combination of the microroughness
and the surface waviness. If aill cracks are assumed to have the
same effective roughness and if the fuel is assumed to be in a
hydrostatic stress state in the (r» 68) planes, then all cracks will
have the same width for a 'speclfied stress (power) level. Crack
width multiplied by totai crack length equals total crack areas and
the free area occupied by the cracks Is thus determined.

13



Because the cracks consume some of the free areas they cause

the fuel perimeter to iIncrease in dengthe This is known as
relocation. Howevers, the fragments become misaligned during this
refocation so that the fuel-cladding gap also has an effective
roughness., By virtue of the Mikic surface interaction model,

there is always some finite amount of contact between fragments and
between fragments and cladding. This occurs because of the error
function formulation of the model and provides equifibrium for atl
the fragments.- at all times, At low powers the contact may be very
smalls but stild finites. At higher powers the contact is usually
increased substantially. This radial equilibrium condition allows
for simultaneous solution of the crack and gap widths via the Mikic
moded by equating the fuel! hydrostatic stress to the radial stress
at the fuel-ctadaging gap.

There is also axial force equilibrium between the fuel and
¢laddinge. Because of the fuel=-cladding friction that Is Induced by
constant contacts the fuel and cladding are assumed to be unable to

slip axialiy with respect to each other.

In generats the fuel=-cladding gap sizes (fuel-c¢cladding surface
separations) calculated by this model are substantially less than
those calculated by the solid cytinder model. About half of the
free area is wusually consumed by cracks in the fuet. The
degradation of the fuel thermal conductivity is dependent on the
voids (cracks) that exist within the fuel. Thuss the primary
feedback mechanism between fuel temperatures and fuel-cladding
thermal expansion is crack closure and its effect on fuel thermal
conductivitys rather than fuel-cladding gap closure and its effect
on gap conductance.,

14



The axiomatic foundations of the apprcach are now summarized.

1. The fuel is c¢racked and the free area is distributed

between fuel cracks and the fuel—-cladding gap.

2. The amount of free area occupied by the cracks s
determined by crack geometry {(length and width) and the
stress level., Crack width is retated to the fuel stress
by the Mikic surface interaction model.

3. The fuel stress state in the (r, 9) plane Is assumed to be
hydrostatics and all cracks within the fuel have equal
roughnesss, Thus, all crack widths are assumed equal. (A

separate roughness is assigned to the fuel-ctadding gapl.

4. The fuel fragments and c¢ladding are always in radial and
axial equilibriume Thus, there is always fuel-cladding
contact and never axial slippage between fuel and
cladding.

9. The primary thermal-mechanical feedback is due to crack
width effects on the effective fuel thermal conductivitys
rather than by the fuel-cladding gap closure effects on
gap conductance.

The above principles have been used to reinterpret in-reactor
powers fuel temperature and cladding efongation data.g From this
reinterpretation came numerical estimates (empirical correlationsi}
for the fuel conductivity and effective fuel etastic moduli as a
function of the estimated free area partition and hydrostatic stress

15



state of the fuel. The procedure wused for this reinterpretation
will now be reviewed to explain both how the correlations were
derived and how they are used in PELET/RADIAL.

The data wused came primaridy from Halden Reactor Tests

11 . -
IF&-43210 and IfA-513,. For those tests the following information
for a large vrange of fuel-cladding gap sizes ang Fill gas

composition was available!

1. Accurate steady state power versus temperature data

2 Transient temperature versus time data (yilelding an
estimate of total thermal resistance apportioned to fuel

and gap thermal resistance)?

3. Cladding elongation as a function of time and power.,

Gap and crack roughness {(assumed proportional) were found by
trial as a function of the as-fabricated fuel-cladding gap size so
that the calculated conductances matched those deduced from
transient data. These then became fixed values in the datsa
analysisy as they are now in the codes A fixed value of total crack
fength (3.5 pellet diameters) was also chosens based on inspection
of many photograrhs of irradiated pellets. With these parameters
Fixeds the Mikic model could be used to arrive sisuttaneously at

e §is defined as the difference between
temperatures divided by the local ltinear
rovides an expanded discussion of thermal
ransient temperature data.

a. Total thermal resist

anc
fuel centerline and coolant

fteat rate. Reference 12
resistance and the use of
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fuel-ciladding gap sizes crack sizep, and hydrostatic stress in
the fuel, given fuel centerline temperature and fuel
power. The incremental changes in deduced fuel strain and
stress from one power level to the next were used to estimate
an effective radial fuel elastic modutus. Similarlys
iocremeptal changes in c¢ladding elongation were used to
estimate an effective welastic modulus. The moduli were
correlated to the estimated free area while the deduced change
{degradation) in the fuel thermal conductivity was <correlated
to the fuel hydrostatic stress.

Within PELET/RADIALs the same principles apply in the
sense that the thermal-mechanical state in the current time
step is estimated from the previous time step plus the
incremental change in power and temperature. The thermal
and mechanical models are coupled in the following manners:

1. Given the current power and the previous c¢ladding radius,
the amount and partition of free area within the fuel Frogd
is found for each axial node, together with the

corresponding hydrpstatic stress.

2e from item 1ls fuel-cladding gap size and interfacial
pressure are immediately avaitable, Both of these
variables go into the gap conductance calculations and the
fuel-cladaing interfacial pressure feeds the calculation
of radia! and axial cladding stress and strain via the
finite element formulation in PELET.,

3. The thermal conductivity degradation is estimated from an
empirical correlation invoiving hydrostatic stress and

17



fill gas composition. This feeds to the fuel temperatures

and hences to the fission gas redtease calcutations.

4, The ragial and axial fuet elastic moduli are estimated
from empirical correltations with the free area. These
feed directly to the calculation of c¢ladding stress and

strain at the end of the time step.

Within the FELET/RADIAL packages fuel-cladding gap size and
interfacial pressure are Qppt varied during the iterations that
determing the temperature drop across the fuel-cladding gaps and the
computer time normatly spent performing these calculations has been
transferred to determining the hydrostatic stress state for the
crackeg fuel, This stress state determination lies within the gas
iteration loop ancd is updated due to temperature changes resulting
from gas refease. The mechanical <calculation of incremental
cladding deformation {ies outside both iteration loops and is done

at the end 0f the time step,

In summarys the thermal and mechanical models are intimately
interrelated. But by handling that interrelationship en an
incremental basiss, computer running time needed is minimized.

2+3 Fuel Rod Thermal Response

The temperature distribution throughout the fuel and the
cladding is calculated at each axial node. A simplified flowchart
of the temperature distribution solution is shown in Figure 3. A
schematic drawing of the temperature distribution at an arbitrary

axial node is shown in Figure 4,
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Determine coolant
temperature and

film drop

Determine cladding

temperatures

\

Determine gap

conductance

3

Determine fuel

temperature distribution

i

Repeat until

solution converges

Figure 3. Flow chart of the fuel and cladding
temperature calculation,
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Figure 4. Schematic of the fuel rod temperature distribution.

The models used in the fuel rod temperature calculations assume
a cylindricel fuel rod surrounded by coolant. User supplieg

becundary conditlons (coolant Inilet temperatures coolant <channel
equivalent heateg diameter, and the coolant wass flux) and the user
supplied axial linear heat generation rate are used to calculate the

20



coolant bulk temperature, Tb’ using a single channel <coclant
enthalpy rise wmogels, A film temperature rises Tf; is then
calculated from the coolant to the surface of the fuel rod through
any c¢ruo layer which may existe The <c¢ladding Iinside surface
temperatures Tci, is found by calculating the temperature rise
across the zirconium oxide and the cladding using Fourier's Laws.
The temperature rise to the fuel surface is determined from an
annular gap conductance models thereby establishing the fuel surface
temperatures Tfs' Finaltys, the temperature distribution in the
fuel is calculated, accounting for fuel cracking effects wusing the
fuel surface temperature and assumed symmetry at the centerline as

pboundary conditions.

The models used in the temperature calculations involve a

number of assumptions and limitations. The most important aret

1. Mo heat conductiop in the axial direction
2. Mo heat conductionm in the azimuthal direction
3 Constant boundary conditions during each time step

4. Steady state

9. The fuel roc¢ is a right circular cylinder surrounded by

water coolant.,

2¢3.1 Coolant Conditions. FRAPCON-2 calculates butk coolant

temperatures assuming a singles closed coolant channel according to
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z
Tb(z) =T, J.o [

where
Tb(Z’ =
Tin =
q''tz) =
Cp =
G =
De =

lz‘.‘aﬂ(z) dz
CP D, t2)

bulk coolant temgerature at elevation z on the rod¢
axis (K)

infet coolant tenperature (K)

rod surface heat flux at elevation z on the rog

axis (W/m)
heat capacity of the coolant (J/kg.K)
2y

coolant mass Flux (Kgfsm

coolant channel heated diameter (m).

2+3«2 Fuel Rod Surface Temperature. The cladding surface tempera-

ture at axial elevation z is taken as the minimum value of

Tw(z) = Tb(z) + ﬁTf(z) * Mc(z) {3)

Tw(Z) = Tsa + AT

t JL

(4}
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where

T, t(2)

ATp(2)

AT (2}

at

ATrp

The choice
whether heat

rog surface temperature at elevation 2 on the rod
axis (K)

forced convection film terperature darcep at
elevation z on the rod axis (K)

crud temperature drop at elevation z on the rod

axis (K)

cooclant saturation temperature (K)

nucleate boling temperature crop at elevation z on
the rod axis (K).

of the minimum value is a simpie means of deciding

is transferred from the cladding surface to the coolant

by forced convection or nucleate boiling. It also provides a smooth

numer
there

trans

rod surface

AT (2) = §"(2)/n,

jcal transition from forced convection to nucleate boiling

by avoiding

convergence problems. For forced convection heat

fers the temperature drop across the coolant film layer at the

is based on

%)

where hy is the Dittus-Boelterl> film conductance given by
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0.8P0J+

he = (0.023k/D,) R, P (&)
where

he = conductance (W/m?,K)

k = conductivity of the water (W/m.K)

De = coolant channel heated diameter (m)

Re = Reynolds Number

Pr = Prandtl Number.

The temperature drop across the crud is given by

[=_

AT _(2) = §"(2) ir (1)
where

8o = crud thickness ()

Ker = crud thermal conductivity
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= 0.8648 (NIm.K’-

For nucleate boiling heat transfers the temperature drop across
the <c¢oolant film layer at the rod surface is based on the Jens-
Lettesld formulation

0.25

6
aT; (2) = 60 [§7(2)/10%] /e (B/6-2 x 10°) w,

where
p = system bulk coolant pressure (Pa).

No additional temperature drop from the cladding surface to the
caolant is assumeg to occur due to crud deposition w«hen nucleate
boiling exists. The c¢ootant is assumed to toid throcugh the crud
blanket.

The temperature drop across the 2irconium oxide fltayer at
elevation 2z an the rod axis is determined by

q"(z) 8,(z)
R

ﬁTO(z) = o (5}

where

AT, (2) = oxide temperature drop at elevation z on the roo
axis (K)
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50lz) = oxide thickness at elevation 2z on the rod axis (mr)

Ko = oxide thermal conductivity (w/m.K).

2+3.3 Cladding Temperature Lrop. The cladding temperature drop for
each axial ftocation is «calculated according to the following
expression for steady state heat transfer through a cylinder with
uniform thermal conauctivitys

&Tclad = é"(z)ro ln(ro/ri)fkclad (1C)
where

Ajaq ® ciasdding temperature drop (K}

o = cladding outside radius (m)

ry = cladding inside radius {(m)

kclad = temperature and material dependent thermal

conductivity of the cladding (W/m.K)a

2e344% Fuel-Cladding Gap Temperature Drop. The fuel-cladding gap
conductance is the sum of three components: the conductance due to
radiations the <conduction through the gas» anc the conouction
through regions of solid-so!id contact. The equations and models
for each of these components are ciscussed below.
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Radiation Heat Transfer——The net radiant heat transfer of heat
from the fuel to the cladding is the infinite-cylinders, gray body
form as derived by Krelth15 and others:

4 4

Net surface heat flux (S.H.F} = OF [TfS - Tci] (11)
where

F = L Llep+ (o /1. ) (1-1/e ) )

G = Stefan-Bottzman constant

= 5.6697x10° (wsmZ.k*)

e = fuel emissivity

e, = cladding emissivity

Tei = fuel surface temperature (K)

Teg = cladding inner surface temperature (K)

fee = fued outer surface radius (m)

foi = cladding irner surface radgius (m).

The conductance due to radiation, h, (W/m’.K), is defined by
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By (Tgp = Toy) S.H.F. (12}

Combining Equations (11) and (12) and dividing by leS - Tci) gives

B 2 2
h = oF [Tfs + T(:i] [Tfs + Tci] (13)

Conduction Through The Interfacial Gas--The form «c¢f the
conductance duye to conductive heat tranfer through the gas in the
fuet=-cladding gap gas ;hgas (Hlmz.Kl; is that universally applied tc
small annular gaps:

k k
h = gas = _Eas
gas d + (gl + 82) Ax (14)
whtere
d = effective physical gap width (m)

I%as = gas thermal conductivity (N/me.K)

(gl+gzl = temperature jump distances at fuel and ¢ladding
surfaces, respectively {(nr)

AX = total effective gap width (m).
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The variocus mechanical modeling options separately contribute

values of Ax. If either of the FRACAS mechanics options are chosens

AXx is gliven by16

Ax = 1.8 [deff+g +gz]-—b+d

1 (15)
where
d = value fram FRACAS for open fuel=-cladding gap
size (m)
deff = 2 expl—-0.00125P) lRl + Rzl far clased fuel—-¢ladding
gaps (m)
= 2 (Rl + RZ} for open fuel-cladding gaps {m}
P = fuel=-cladding interfacial gressure (kQICIZ’
leR2 = cladding plus fuel surface roughness {(m)
b = 1.397x10 ° (m).

If the PELET option is chosens fuel-cladding contact is always
assumeds and

L\.x=deff+l.8 (gl+82) (16)

where d is defined in the PELET/RADIAL model.
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In either <cases the quantity (g + ) is calculated from the

1 95
GAPCON-2'® modet which is

gasJT 1 ]
(g8, +8y)) = Yoa £, V] (17}

where
A = 0. 7816
k = gas conductivity (wW/m.K)
gas
P = gas pressure (FPa)
gas
T = average gas temperature {(K)
gas
ai = accommodation coefficient of i-th gas component
Hi = gram—molecular weight of i-th gas component (Kg,
mo les)
fi = mole fraction of i-th gas compcnent.

Conductance Through Points of Contact-—-The FRACAS and PELET
mechani¢s models utilize expressions for hSolid which are simidar in
form but differ in magnitudes If the FRACAS models are selecteds

hSolid is dependent on both the fuel-cladcing interfacial pressure
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and the microscopic roughnessess Ry as follows

/RE, P > 0.01

h = AkmP rel

solid rel

A km (0.01)/RE, 0.01 > Prel > 0.0001

= A km PS:f/RE’ Prel < 0.0001 (18)
where
Prel = ratio of interfacial pressure to cladding Meyer
hardness
Km = mean conductivity (w/m.K)
= ZKfKCIIKf + KCI

R = \{Ri + Rg {m)
Kc = cladding thermal conductivity (W/m.K)
Ks = fuel thermal conductivity (W/m.K)
E = expl=3.51 =~ 0.528 In{(R{ )]s

17
The above comes from a fit to Ross and Stoute data plus that by
1
Rapier18 using the Mikic—Todreas model .
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If the PELET option is chosens hSolid is dependent only upon

fuel=-cladding interfacial pressurer accorgirg to the retation

_ 2
hsolid = 0.038 + 0.017 Pint (w/cm”.k) {19}

where

%nt = fuel-cladding interfaciat gressure {MPa).

This equation is an estimatec fit to recent ocut-of=-pile cata by

Je A, Garnier.20

2e¢3¢5 Pellet Heat Conduction. The pellet temperature distribution
is calculated wusing the Method of Weighted Residuals proposed by

21

Finlayson. The methodo is ocescribed belows

2+3.5¢1« Generat Procedures~--The wmrodel used to solve the
steady state radial heat transfer in the fuel is based on the
assumption that the fuel is a homogeneouss continuous right circular
cylinder with a constraint surface temperature about its perimeter.
The methed wused has been extended to hancle a restructured
zone. Heat conduction in the radial direction in the fue) is
described by

2 2
dr(r) , 14T 1 dK\ {dT Q) _,
7 YTar tro lar)lar) T x
dr {20)
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where
Tir) = the fuel temperature (X)

alri the volumetric heat generation rate (Hme)

t

s
"

the conductivity of the fuel (W/m.K},.

The equation is nonlinear because of the temperature dependence of

the fuel conductivitys The boundary conditions are

FS
© T Trs {21)
and
dT
dr =0
r = rI (22)
where
r = fuel inner radius {(m)
1
Tpg = fuel outer radius (m)
T = fuel surface temperature {(K)a.
FS
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There are several methods which can be used to solve Equation
(20})s The method wused in FRAPCON-2 is a collocation technique!
using tne method of weighted residuals, and has the following
advantagest (a} the solution time on & computer is minimals and (b)
coefficients are produced which permit calculation of correct
temperatures at any vradial position in the fuel without resolving
the entiri.Pronlem. The specific steps used are a slight variation

of the method proposecd by B. As Finlaysons and proceed as follows!?

N+2

l. A trial solution of the form T = E {:I_rj_l is assumeds
- ]
J=

where the dj are unknowh coefficients.

2 To find estimates of the o, » Equation {20) is forced to be
satisfied at N collocat%on points within the fuel or
annular subregion. This reguirement plus the boundary
conditions result in N+2 simultaneous equations for the
N+2 dj coefficients. Fourth-order (4 point) collocation
has been found to yield temperatures accurate to within
1 K compared with exact solutionss Thuss six coefficients

are generated.

3. In order to solve the six simultaneous equationss the
terms involving conductivity are considered known by
evaluating the conductivity wusing temperatures from the
previous iteration., The temperatures for the very first
iteration are catculated wusing a constant typical value

for the conductivitys

4. The procedure is5 fepeated until convergence of the
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temperatures occurs.

2434542 Formulation of Equations for oj——lo avoid reformy=-
iating the equations for each gap conductance iteration, it is
convenient to perform the calculations in the normalized coorginates

y = rlrFs. kith this variable change, €quation {(20) becomes

421 (y) 2 Qly)rl
dTly) , ldT | 1 gg(gz)+ S .,
dy2 y dy  K(T; dT \dy K {23)
Wwith boundary concitions
dT
5 0
¥ e (24)
T * Tps.
y =1 {25)

Using the collocation techniques six simultanecus equations are
formuytated as

dTﬂ = {) i=1
dy

Y = ¥y (26}
2

ax dT 2
a’t_ , 4T O P a-1\{""a-1 | i=2,3,4 and 5
r— o = RS Q +\—3r /\ 4

o y, dy K- 1 i\

y=y. y=Y; A (27)
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(28)

where sutscripts n and n-1 refer to the current and previous
iterations, respectivelys anc

Q; = QalyJ, (29)
R, = KT _)) £30)
aK__, &
dt. = dT | ._
i T=T__,{y;) {31)

The equations for i = 2 through 5 need to be modified by elminating
the term

2
T,y
dy -
bias #1 {32}
The most accurate way to do this is to use the relationship
ar i
-K ar = gurface heat flux at s =2 Ti/. Q{r) rdr/m2r .
= r.
Ty i {33)
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@{r) is expresseg as Q(r) = N{ZI + YYr2 + kral where N is a

norrmalization constant which transfornms Qir} inte physical
units. Thuss Equation (33) tecomes

4T _ N [g 22 Y¥ 4 4 W, 6 _ 6]
Kdr - 12 {r T )+ 5 (r T )+ (r T, ) (34)
Transforming to normalized coordinates ana sciving for 9T
dy
Equation (34) becomes Y=V
Nr 2 6
dT FS Y[z 2,2y, 0 4 4 W 6 )]
Y=Y :
i (35)
2
N rFS )
= C- = I
v.K i i
i {38&)

Thuss the collocation equations i = 2 through % can be written as

&
T {y.) = z d. y -1
n 71 171

with I defined in Equation (36). Substituting the following
expression into Equation (37)s

1
y=y, Y=yi ‘38’
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the following six equations are obtained:?

i 2 [(j-l)yij-z] =0 =1

o (39)
6
2 ., -3 -1 2 a® -
4. _ ] s L a-1 2 .
Z ; [(J 2j + l)yi ] g [rFS Qi + (—d.'f'— Ii 1 = 2,3,4, and 5
J:l n_l L l‘iﬂl
6
d, =
:E 3" Trs P
2 {4l1)

In matrix forms the asbave set can be written as

4 0.0
d, B,
(1] 4, = | B4
d, B,
d5 Bg

d¢ Trg (42)
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where

y {(i-2)
Aij = (J—l)yI ] s i=1

= - 1 j_3 :

(j 2i + l)yi v L= 2,3,4,5 2] = 1,2,3,4,5,6
= 1.0 =
1=8 (43)
anc
dK

-1 2 n—-l 2 D

BLTR |t W TN T e (44)

Notice that in succeeding iterationss the matrix A need not be

recalculateds, but only the Bi'

This procedure can be appliec to annuiar subregions of the
fuels which are then coupled by the condition of temperature ang
heat flow continuity between regionss The motive for doing so cames
from the possibility for deviaticn in the fyel therma! conguctivity
function above and below a transition temperature (see Section
2e3.7)

2.3.6 Plenum Gas Temperature. The plenum gas tewmperature is
calculated based on energy transfer between the top of the pellet
stack and the plenum gass between the coolant c¢hannel and the pilenum
gasy and between the spring and the plenum gas. A discussion of
these contributions follows.
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Natural convection from the top of the fuel stack is calculated
based on heat transfer coefficients from Mcﬁdams22 for laminar or

turoulent natural convection from flat plates.

The heat transfer coefficient is caiculatec from

h = 2% }
p D {45)
whtere
hP = the neat transfer coefficient from the top of the
rellet stack to the plenum gas (u/mz.K)
Nu = Nusselt Number
D = inside diameter of the cladding of the top noae (m)
K = conductivity of the plenum gas (W/m.K).

The Nusselt Number is calculated using

Nu = C{Grpr)® (46)

where

Gr * the Grashof Number
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Pr = the Pranatl Number

andg for

GrPr < 2.0 x 107, C=0.54 and m = 0.25,
or

GrPr > 2.0 x 10? C=20.14 and m = 0.33.

The overall effective concductivity from the coolant to the
plenum is defined as the inverse of the sum of the individual heat
flom vresistances. The three resistances are (a) the resistance
across the inside surface fiims (b)) the resistance across the
cladding, and (c) the resistance across the outside surface
fiime The overaltl conductivity is therefore found as

u = 1-0
c D
ln (=2
2.0 * (Di) 2.0
Dh, B YT
£ fclaa Dy 1.0 +adT) ny, (471
where
UC = overall effective conductivity from the coolant to

the plenum gas {w/m.K)
D = hot-state inside cladding diameter (m)

. . 2
h = cl adding inside surface film coefficient {(W/nm .K)
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k
clad

DB

cold~state outsice claading diameter (m)
cold=state inside clagding diareter (m)

temperature ancg material depencdent therral
conductivity of the cladding (w/m.k}

coefficient of thermal expansion of the cladding
{1/K)

temperature difference between cladding average

termperature and dgatum temperature (K}

heat transfer coefficient between the cooclant andg
2
the cladding (WN/m «K).

Gamrma heating in the hold down spring is calculated assuring a

. 2
vaolumetric heating rate of 3.76 h/mB for every W/im of rod average

heat flux. The

Qsp = 3.76 4 v,

where

expression is

(48)

energy generated in the spring due to gamma heating
(W)

average heat flux of the rod lhlmzl
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v = volume of the spring (n3).

The plenum temperature is approximated from

v T
Q. tU, > BEK v n m¥s
T _ P D pa
plen v h TTD2
g B + B____
c 2 4
D (49)
where
] = plenum temperature (K)
plen
3
VP = volume of the plenum (m™)
TBLK = bulk coolant temperature at the top axial node (K}
Tpa = terperature associatec with the insulator or tap

pelliet (K).

2437 Effective Fuel Conductivity, The thermal conductivity of
cracked fuel is not the same as trat of uncracked fuel. In order to
compute the effective thermal conductivity of cracked fuels a
congductivity factors R» is applied to the wuncracked fuel
conductivitys, The conductivity factor is

keff =R klab (50)
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where

keff = effective fuel thermal conductivity (w/m.K)

.y
"

1ab uncracked fuel therma) conguctivity as a function

of temperature (W/m.Kl.

2s3.7.1 The Cracked Conguctivity Ftactor Used with FRACAS--The
cracked conductivity factor used with FRACAS is an emgpirical
ccrrelation which accounts for the presence of «cracks in the
fuel. This correlation was ceveloped from fuel centerline and off-
center thermocouple data taken as part of the jap conguctance tests
serie523 performeg in the Power Burst Facility at the Idaho National

Engineering Laboratorys The equaticn for R is

k
= - 1 -
R 1.0 C Crel [;.O —E—k ]

1ab {51}

where
c = 0e30 (1/m) for FRACAS-I
= Ce48 (1/m) for FRACAS-II
38 (8§ - 8.)
c = O T (m) for FRACAS-1I
rel

"’
r v (0.8 x 107)

. v — (") for FRACAS-II .

4r (0.8 x 10 )
P
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k = conductivity of gas in gap (W/n.K)

g

s = as—fabricated fuel-clagding gap size (n)

65 = fuel=-cladaing gap size assuming no fuel surface
reiocation {(m)

§ = fuel—-c¢ladding gap size assuming fuel surface

T
relocation {(m)

r = as—fabricated pellet radius (m)

P

and klab is as used in Equation (5C).

The term Il—kg!klabl accounts for the fact that the gas in the
cracks in the fuel has a lower conductivity than the fuels and thus

degrades the effective conductivity of the fuel,

Crel is a measure of the instantaneous volume available for
crackings This term decreases as the fuel-¢ladding gap size
decreases. Recognizing that cracked fuel can never fully
reconsolidate, this term is never allowed to be less than 0.25. ¢
Wwas chosen to best fit the experiwmental data base for rods

containing Hes Xes and Ar.

Crack healing is assumed when the 1ocal fuel temperature
reaches cr exceeds some transition temperature. The transition
temperature has been chosen to be nine-tenths of the wuser-specified
fuel sintering temperature. Crack healing is enforced as

45



R = 1.0 when Tr.Z Ty rans (52)

Where

T - Jocat fuel temperature (K)

¥ 2 fuel transition temperature (K).
trans

Assumptions made are that (a) cracks instantaneousiy heat when
fuel regions are above the transition temperatures {b} once a region
hes healed no recracking of that region occurs and (c) the vrelative
gas and fuel conductivities are labeoratory values.

2e3.742 The Effective Fuel Conductivity Usec with PELET/
RADIAL==The effective vatue of the fuet thermal conductivity s
degraded by fuel cracking. This fotlows dirtectly from the
obtservation that the <cracks in fuel petlets cbserved in
postirradiation examinations have nonradial components. As noted in
Section 2.2.2» certain assigned values for c¢rack length and fuél ang
gap roughness afe given to various rods fraom which in-reactor power/
temperature measurements are available. The assignment of these
values permits the calculation of fuel-cladding gap sizes gap
conductance», and hycrostatic fuel stress. From the gap conductances
fuel surface temperature <can be estimated. The estimated surface
temperatures TS; anc measuved fuel centerline temperature, T.,» can
be used to calculate the effective fuel conductivity as
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¢ Pf

CFAC Tf K dT = 2=

s {53)
where

P = linear heat generation rate {(W/m)

f = flux depression factor {(dimensionless function of

enrichment)
CFAC = effective fuel conductivity factor
KM = intrinsic or "laboratory" function for fuel

conductivity (W/meK).

Generaltys CFAC is found to be ltess than 1l.0. A plot of CFAC values
versus the <corresponding fued hydrostatic stress is shown for
various Halden rods in Figure 5,

Note in Figure 5 that the CFAC values for all of the heliur
fitled rods tenog to overlap (except at exceedingly low stress) and
tend to be finhear. Similarly the data from the mixed~gas rod also
tend to be Jlinear. This is the basis for the correlation that is
applied in FRAPCON-2 when the PELET/RADIAL option is wuseds The
dependence of the concuctivity for a given rog is nearly linears but
the slope and intercept of the 1lines are functions of the gas
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Figure 5. Thermal conductivity factor versus hydrostatic
stress (data points identified by rod number).
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conductivity retative to that for pure helium.

Figure & shows the correlation foer CFAC as it is applied in
RACIAL., Note that the low—cutoff for the concuctivity multiplier
{CFAC) has teen arbitrarily chosen as 0.3. Note also that even at
zZero powersr converged values for the hydrostatic stress are in
excess of 1.4x10 Pa (200 psia) which is why the correlation is
based on the intercept at loglstress}) = 6 plus the slope estimatecd
from data. The correlations for intercept and slope of CFAC versus
logl{stress) as a function of gas <concuctivity ratio (the gas
conductivity ratio is detined as the vratio of current gas
conductivity to pure helium gas conductivity) are shown in Figures 7
and 8y respectively., Note that combinations of sltopes intercept ang
logtstress) resulting in CFAC values less than 0.3 are discountec

since 0.3 is the low-value cutoff for CFAC.

2+3.8 Stored Energys TFThe stored energy in the Ffuel rog is
calculatec by summing the erergy of each pellet ring catculated at

the ring terperature. The expression for stored energy is

I T,

i
E m, f Cp(t)dT
E = i=1 298 K
s m (54)

where

E = stored energy (J/7/kg)

m = mass of ring segrent i (kg)
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Figure 6. Fuel conductivity multiplier (CFAC) as a function of interfacial
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T = temperatue of ring segment i (K}

i
LPITJ - specific neat evaluated at temperature T (J/KkgsK)
m = total mass of the axial node (kg)

i = humber of annular rings.

The stored energy is calculated for each axial nodes

2«4 Fuel Rod Mechanical Response

An accurate calculation of fuel and <cladoing deformation s
necessary in any fuel rod response analysis because the heat
transfer coefficient across the fuel-cladding gap is a function of
both the effective fuel—cladding gap size and the fuel—-cladding
interfacial pressure. In addition, an accurate calculation of
stresses in the cladding is needed so that an accurate catculation
of the onset of cladding failure {(and subsequent reftease of fission

products) can be made,

FRAPCON=2 has four deformation modeling options: FRACAS-I,
FRACAS-II, PELET/RADIAL and AXISYM. The models are described in the

following sections.

2.4.1 The FRACAS Fodelss. Two FRACAS models are available for the
calcutation of the small displacement deformation of the fuel and
claddings The more simplified model, FRACAS-I» neglects the stress-
induced deformation of the fuel, and is called the rigid pellet
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mogeals The secocnd options FRACAS=II, includes stress-~induced fuel

deformations andg is calleg the deformable pellet madel.

In analyzing the deformation of fuel vrfodss two physical
situations are envisioned. The first situation occurs when the fuel
and cladding are not in contact. Here the problem of a2 cylindrical
shell (the clagaing) with specified internal and external pressures
and a specifiec ciadading temperature distribution must be

solved. This situation is called the "open gap"™ regime.

The second situation envisionea is when the fuel (considerably
potter than the cladgding) has expanded so as to be in contact with
the c¢laocding. Further heating of the fuel results in "driving" the
cladding outwardly. This situation is called the %closed gap"
regime, Alternatively, this ciosed gap regime can occur due to the
creep of the «c¢ladding onto the fuel due to elevated c¢lacdding
temperatures and a high coolant pressure.

The prececing two regimes of fuel rod deformation are
characterized by small cladding strains and by the ciladding

retaining its essentially cyltindrical shape.

The deformation analysis in FKAPCON-2 <consists of a small=-
deformation analysis and when using FRACAS-I, a cladding failure
analysis. A small deformation analysis of the stressess strains and
dgisplacements in the tuel andg cladding is performed first for the
entire fuel rode This analysis is based on the assumption that the
cladaing retains its cylindricat shape during deformations and
includes the effects of:

1. fFuel thermal expansion, creepr swelling, densification and
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relacation
2 Cltadding thermal expansions creep angd plasticity
3. Fission gas and external coolant pressurese.

As part of the smali§ displacement analysisy, the applicable local
deformation regime (open gaps or closed gap) is determired. Finaltys
an analysis is perfcocrmed to dgetermine if cladding failure has

OCCUTT €de.

In Section 2.4.1e1l» the general theory of plastic analysis is
outlined and the methog of solution used Iin the FRACAS models s
presented., This method of solution s wused in both the rigid
peliet and deformable rpellet models, In Sections 244s¢1e2s and
2e4¢l.3y the equations for the rigid pellet model and deformable

peilet model» respectivelys are described.

2+44lsl General Theory and Method of Sclution=—The general
theory o¢f plastic analysis and the method of sclution are used in

poth tne rigid pellet and deformable pellet models.

General Consicerations in Elastic-Plastic Analysls—=Problems
involving elastic~plastic deformation and multiaxial stress states
invoive a pumber of aspects that do not requife consideration in a
uniaxial problem, In the following discussion, an attempt is made
teo vriefly outline the structure of incremental piasticitys and to
outline the Methoo of Successive Substituti00522 {also called the
Method of Successive €Elastic Solutions), which has been wused

successfully in treating multiaxial elastic-plastic problems., The
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method can be used for any problem fFor which a solution based on
elasticity c¢an be obtainece This method is used in both the rigid

pellet and deformable pellet models.

In a problem involving onty uniaxial stresssg. » the strains

1
el * is related to the stress by an experimentally determined
stress—strain curve as shown in Figure 9, and Hooke's law is taken
as
g
1 P
= — + a dT
e =g *& f (55)

Nhereai is the plastic strain and £ is the modulus of efasticity.
The onset of yielding occurs at the yield stressy, which can be
determined directlty from Figure 9. Given a load ({stress) history>
the resulting deformation can be determined in a simple manner. The
increase of yield stress with work=-hardening is easily computed

directly from Figure 9.

In a probler involving muttiaxial states of stresss however:
the situation is not as clear. In such a vproblems a method of
relating the onset of plastic deformation to the resutts of a
uniaxial test is requireds and further, when plastic deformation
occurs» some means s needed for determining how much plastic
deformation has occurred and how that deformation is <dgistributed
among the individual components of strains These two complications
are taken into account by use of the so-called "yield function™ and
“"flow rule”, respectively.
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INEL-A-2183

Figure 9, Typical isothermal stress-strain curve.

A considerable wealth of experimental evidence exists on the
onset of yielding in a mulitaxiat stress state. The bultk of this
evidence supports the Von Mises yield criterion, which asserts that

yielding occurs when the stress state is such that

2

0.5 [(a., ~ g.)2 - 5.2 - 0.)%] =
[( 1= 907 + (o, 03) + (9,4 01) ] Uy (56)

where the 01 vatues are the principle stressesy and Uy is the yield
stress as determined in a uniaxial stress-strain test. The square

root of the left side of this equation is referred to as the
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"affective stress®, Oes ang this effective stress s one commonly

Used type of yield function.

To determine how the yield stress changes wWith permanent
detormations the yielc¢ stress is hypothesized to be a function of

the equivalent gilastic strains EP- An increment of equivalent

P

plastic strain is determined at each ioad stepsr and ¢ is defined as

the sum of atl jncrements incurred:s

P A
£ = § : dEP
(57)

Each ircrement of effective plastic strain is related to the

ingividual plastic strain components by

P V2

de ='§

P P.2 P P2
[(del - dey))” + (de2 - de3)
(58)
P P.2[1/2
+ (de3 - del) ]

where the ds? are the plastic strain components in principle

coordinates. Experimental results indicate that at pressures on
the orcer of the yield stress» plastic deformation occurs wWith no

change in volumey, which implies that

P P P
de. + d + =
1T dEy +dey =0 (59)

Therefore, in a uniaxial test with 01_= s (32' (:38 Gy the plastic

strain increments are

P
1

dEP = -1/2 de

de 3

{60)
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Therefore in a uniaxial testy Equations (96) and (58) reduce to

e (61}

{62}

Thuss when the assumption is made that the yield stress is a
function of the total effective piastic strain (called the Strain
Haraeniny Hypothesis)s the functional relationship between yield
stress and plastic strain can be taken directly from a uniaxial

stress-strain curve by virtue of Equations (61) and (62},

ine relationstif between the magnitudes of the plastic strain
increments and the effective plastic strain increment is provioed by

the Prangtl-Reuss Flcw Rule:

P
P _ 3de .o
dei = ZUe Si i=1,2,3

{63)

where the S, wvalues are the deviateric stress components (in
1

principal coordinates) deftined by

- _1
Sj_ ;i T 3 (0’1 + o, + 0'3) i

1,2,3 (64)

Equation {63) embodies the fundamental observation of gptlastic
deformation; that is, plastic strain increments are proportional to
the deviatoric stresses. The constant of proportionality is
determined by the choice of the yield function.24 Direct
substitution shows that Equations (56}, (58}, (63})s and {6%4) are
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consistent with one another.

Gnece the plastic strain increments have been determined for a
given load steps» the total strains are determined from a generalized

form of Hooke's law given by

. 1 P
g, = E'{cl - v(cz + 03)} +el + dei +;/gldT
£, = L {0, - v(o, + 00} + gP + d P + -
2 E 92 17 9 2 T ey gl
£, = = {og ~vlo, + 0,0} + el + det
3 E *¥3 2 1 €4 €9 t foqdl (65)

in which e?; eg; and eg are the total plastic strain components at

the end of the previous load increment.

The remaining continuum field equations of equilibriums, strain
displacement, and strain compatibility are unchangeds. The compilete
set of governing equations is presented in Table 1, written in terms
of rectangular Cartesian coordinates and employing the wusual
indicial notation in which a repeated Latin index implies summatione.
This set of equations is augmented by an experimentally determined

uniaxial stress—strain relation.

The Method of Solution—When the problem under conslderation is
statically determinate $0 that stresses can be found from
equilibrium conditions alones the resulting plastic deformation can
be determinead directly. However, when the problem is staticaltly
indeterminate anc the stresses and deformation must be found
simulataneouslys, the full set of plasticity equations proves to be

gquite formidable, even in the case of simple Iloadings and
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TABLE 1. SUMHMARY OF GOVERNING EQUATIONS

Equilibrium

g te i 70
where o = stress tensor
p = mass density
fi = components of body force per unit mass

Stress Strain

_ 14w v _
&5 F %; " %; (F o f“dT)

p p
ey b odeyy
Compatibility
ij.ke b Ske,ii T Sik.je T Sesik - O

Definitions Used in Plasticity

]
% - ¥ 2 S5 Siy

e

i3 %93 T3 %k
de’ é‘f‘/% de:.)j de‘;'j
Prandt1-Reuss Flow Rule
dE?j B %' gif' 513
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geometries.

Une numerical procedure which has been used with <considerable
success is the Method of Successive Substitutions. This method can
be apptied to any protlem for which an elastic¢ solution can be
obtained, either in closed form or numericalty., A full discussion
of this techniquesr including a number of technologically useful

examplesy is contained in Reference 24,

Brieflys the method involves breaking the loading path up into
a number of small increments. For examples, in the present
applications the loads are external pressures temperature, and
either internal pressure or a prescribed displacement of the inside
surface of the cladding. These loads z2ll|l vary during the operating
history of the fuel rods. For each new increment of the icadings the
solution to all the plasticity equations {isted in Table 1 is

obtained as follows.

First, an initial estimate of the plastic strain incrementss
deij, is made. On the basis of these values, the equations of
equilibrium, Hooke's Laws, and strain-displacement and compatibility
[Equations (119), (121)s (12%) and (126}]1 are solved as for any
elastic probtems From the stresses so obtained, the deviatoric
stressess Sij’ may be computed. This ™pseudo-elastic”™ solution

represents one path in the computational scheme.

independentiys through use of the assumed deij values, the
increment of effective plastic strains aePp may be computed. From
this result and the stress-strain curvey, a value of the effective

stress» O » is obtained,
(<
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Finailys

obtained from

and the entire

a new estimate of the plastic strain increments is

the Prandti-Reuss flow rule

ij (661}

process is continued until the agP cConverge. A

Py

schematic of the iteration scheme is shown in Figure 10,

S F
dEP dep Obtaiened
— i ———
Estimated Computed from o-€
Curve
New Estimate of
def Obtained from —o
Prandtl - Reuss Equations
Elastic Problem Solved for
Strains ond Stresses
. P
Process Repeated Until de; Converges
‘ INEL-A-2182

Figure 10. Schematic of the method of successive elastic solutions.
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The mechanism by which improved estimates of deij are obtained
results from the fact that the effective stress obtained from aeP
and the stress—strain curve will not be equal to the effective
stress that would be obtained with the stresses from the elastic
solutions The effective stresses Will only agree when convergence

is obtained.

The question of convergence is one that cannots in general, be
answered a priori. However» convergence can be shoun24 to be
obtained for sufficiently small 1load increments. Experience has
shown that this technigue is suitable for both steady state and
transient fuel rod analysese.

Extension to Creep and Hot-Pressing—=The method of solution
described for the time~independent plasticity calculations can also
be used for time—dependent creep and hot-pressing calculations. in
this contexts, the term creep refers to any time-dependent constant
volume permanent deformations whereas the term hot—pressing refers
to any time-dependent process which results in a permanent change in
volume, Both <creep and hot-pressing are stress-driven processes
and are usually highiy dependent on temperature.

The only change required to extend the Method of Successive
Elastic Solutions to allow consideration of creep and hot-pressing
is to rewrite the Prandtit—Reuss flow rule [Equation (63)}]) as
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¢ c o, +
del = 1.5 £ At o 4 VoA (O +9, + 9y
T 1 9 o
n
‘e - .
dey = 1.5 EAE o 4 ¥V At 01+ 9 * 93)
g 2 9 g
€ m
-C c (@, + o0, +
deg = 1.5 EU At S, + Ve At 170yt 0y
e 3 o, (67)

The first term on the right hand side of each of these
equations computes the constant volume creep strains whereas the
second term in each equation computes the permanent change in
volume. To use this form of the flow rule, two additonal material
property correlations must be available. The first is a corretfation
for constant volume creep strainsc (taken in a uniaxial test), as =
function of stress, time, temperatures and neutron flux; that is»

€ = £, T, £ P) (68)
where

- = uniaxial stress (MPa)

T = temperature (K)

t = time (s)
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F = neutron filux (neutrons/mz.sl.

In the FRACAS modelss the strain hardening hypothesis is assumeds
which implies that the creep strain cofrelation can be
differentiated and solived for creep strain rate in the form

e = h(, % T, F) (69)

which is no longer an explicit function of times This equation is

obtainea from the MATPRU package during the creep calculations,

The secand additional correlation required is a3 relationship
between the rate of permanent volumetric strain anag the applied

toads; cthat iss

C
V -
80, To &5 ¥V agy) (70}
where
= { + + /3 he mean

%1 gl 02 g3 » the mean stress (MPa)

T = temperature {(K)

t = time (s)

Vavail = measure of maximum permanent volumetric change

possible.
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The permanent volumetric strain increment dv© is related to the

creep strain increments by the equation

C C C [
dv- = de’ + de. + d
1 2 7 9&, (71)
In FKACAS-I1I» hot-pressing is considered only in the fuel. The

source aof the permanent volume change is assumed to be the healing
of cracks in the relocated fuet. The maximum amount of volume
available for permanent voiume change is thus the amount of volume
generated by fuel relocations The equation for the permanent volume
change wWas generated by comparing FRACAS-II calcutated and measured
length changes for experimental fuel rods irradiated in the Fower
Burst Facility and the Halden Test Reactor. The correlation which
resulted in the btest agreement with measured fuel rod length changes

was foundg to be

&V o= -V[1 - exp(-ACIB At)] (72)
where

AV = rate of volume change (m3ls}

A 2 1.0x10"

= fuel-ctaading interface pressure (MPa)

. . 3
v = relocation volume remaining {(m™)

At - tine step size (s5)
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B = 445,

The relocatior displacement for the deformable pellet model
(FRACAS-IIL} is computed by the eguation

Up = oa6-8 (73)
where

§ - as-fabricated fuel~-cladding gap size (m}

o = 0.79

R = 0.0334 (m)

This equation for relocation displacement is based on the assumption
that the fuel has not been subjected to repeated power c¢ycless as
does the equation for relocation displacement discussed under the
heading "“fuel surface refocation® in section 2.4.1.2. No positive
permanent volume change is permitted, and as . the votlumetric
strain V© approaches the volume available from relocation, V

reloc’
the permanent volumetric strain rate goes to zero.

As previously notedr two FRACAS modeis are available for
analyzing the smaill deformation of the fuel and claddings The first
model considers the fuel pellets to be essentially rigid 2and to
deform due fo thermal expansions swellings and densification
onlys. Thuss in the rigid pellet models the displacement of the fuel
is calculated independently of the deformation of the
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¢ladding. This rigigd pellet analysis is performed with the FRACAS-]
subcode.

The second model available for the small deformation analysis
is a more general apalysis in which the fuel is assumed to deform
due to stress» and in this case the deformation of the fueil and
cladding must be determined simultanecusdiy. This deformable pellet
analysis is performed with the FRACAS-II] subcode.

The c¢ode wuser has the option of choosing either the rigid
peliet or deformable pellet models In general, the rigiad pellet
model (FRACAS-I} is less time-consuming and has proven to be
adequate for a wide variety of reactor analysis in which peliet-
cladeing interaction is not the dominant failure mechanism., When
pellet-cladding mechanical interaction is anticipateds howevers, the
deformabte peliet model (FRACAS-II) provides a more accurate

calculation,.

2+%+1e2 Rigid Peillet Cladding Deformation Model—=FRACAS-1
consists of a «claading deformation model and a fuel deformation
model. If the fuel—-cladding gap is closed, the fuel deformation
model wiltl apply a driving force to the cladding deformation modedi.
The cladding deformation moded» howevers never influences the fuel

defaormation model.

The <c¢ladding deformation model in FRACAS-I is based on the

foliowing assumptions:

1. Incrementa) theory of plasticity
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6.

7.

The

following

1.

2a

3,

Prandti=keuss flow rule

Isotropic work=hardening

No creep deformation of cladding

Thin wnalid cladding {stress, strains and temperature

uniform throuch cladding thickness)

If fuel! and cladding are in contacts, no axial slippage

occurs at fuel ctadding interface

Bending strains and stresses in cladding are negligible

Axisymmetric loading and deformation of claddinge.

fuel deformation model in FRACAS-I is based on the

assumptions:

Thermal expansions swellings and densification are the
only sources for fuel deformation

No resistance to expansion of fuel

No ¢reep deformation of fuel
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L9 Isotropic fuel properties.

The cladoing and fuel deformation models in FRACAS-I are describea

belows.

Cladding Ueformation Model-—-The rigid pellet cladding defor-
mation subcode (FRACAS-]I)} consists of four sets of modeiss, each used
ingependentiy of the others.

Deformation ana stresses in the cladding in the open gap regime
are corputed using a modet which considers a thin cylindrical shell
with specified internal and external pressures and a prescribea
uniform temperature.

Calculations for the closeo gap regime are made using a model
which considers & thin c¢cylindgrical shell with prescribed external
pressure and a prescribed radial displacement ot the ¢ladding inside
surface. The prescrited displacement 1is obtained from the fuel
expansion modeils described tater in this sections. Furthers, since no
slippage is assumed toc take place when the fuel and cladding are in
contacty the axial expansion of the fuel is transmitted directly to
the cltaddings, and hences the change in axial strain in the shell is

also prescribed.

The decision whether the fuel—cladding gap is open or ciosed is
made Gy considering the relative movement of the ciladding inside
surface and the fuel outside surface., At the compietion of the
FRACAS-I analysiss, either a new fuel=-cladding gap size or a new
fuel-¢cladding interfacial pressure and the elastic-plastic c¢ladding

stresses and strains are obtained.
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TWwo additional models are wused to compute changes in yielid
stress with work—harcenings given a uniaxial stress-strain curve,
This stress-strain curve is obtained from MATPRO. The first model
computes the effective total strain and new effective plastic
strains, given a value of effective stress and the effective plastic
strain at the end of the last loading increment. The second model
computes the effective stresss given an increment of plastic strain
and the effective plastic strain at the end of the tast toading
increment, Depending on the work—hardened value of yield stresss
loading can be either weilastic or plastic and wunloading is
constrained to occur elasticallys (Isotropic wWork—-hardening Is
assumed in these <calculations)., These four sets of models are

described below.

The decision as to whether or not the fuel is in contact with
the cladding is made by comparing the radial displacement of the
fuel surface with the radial displacement that would occur in the
cladding due to the prescribed external (coolant) pressure and the
prescribed interpal (fission and fill gas) pressures The free
radial displacement of the cladding is obtained using equation (65).
The following expression is used to decide If fuel-cladding contact
has occured:

r T (74)

whefre

& = as—fabricated fuel=-cladding gap size {m}.

If equation (74) is satisfieds the fuel is in contact with the
cladding. The Joading history enters into this decision by virtue
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of the permanent plastic cladding strains which are applied to the

as—fabricated ogeometry. These plastic strainss (and total
. . . P , .

effective plastic strains € » are retained for use in subseqguent

calcutations.

If the fuel and cladding displacements are such that Eguation
(74) is not satisfiedsr the fuel-¢cladding gap has not closed during
the current step and the solution obtained by the open gap solution
is aperopriate. The current value of the fuel—cladding gap size
is then computed and is used in the temperature calcutations. The
plastic strain values may be changed in the solution if additional

plastic straining has occurred.

It Equation (74) is satisfiedr however» fuel and c¢ladding
contact has occurred during the current {ocading increment. At the
contact interfaces radial continuity requires that

clad fuel
“r “r -8 (75)

while in the axial direction the assumption is made that no slippage
occurs between the fuel and the claddings This state is referred to

as "lockup".

Note that only the additional strain which occurs in the fuel
after Jock-up has occurred is transferred to the claddinge Thuss if

ezlgd is the axial strain in the c¢cladding just prior to contacts and

ngE1 is the corresponding axiatl strain in the fuels then the no-
Z,0
slippage conditlon in the axial direction becomes

clad ~ clad fuel fuel
€ E:z, o € T %z,0 {76)
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fuel clad
The values of the "prestrains", ¢ and ¢ » are set equal to

Z,0 Z,0
the values of the strains that existed in the fuel and cladding at
the time of fuel-cladding gap closure and are stored and used in the
¢ladding sequence of calculations. The values are updated at the
enyg of any load increment during which the fuel-¢ladding ¢ap is

closed.

After uilad ang have been computeds, they are used in a

calculation which considers a thin e¢ylindrical shell with prescribed

clad
£
z

axial strainy external pressure and prescribed radial displacement
of the inside surface. After the solution is obtainedy a value of
the fuel=¢cladding interfacial pressure is computed atong with new

plastic strains and stresses.

The open gap modeling considers a thin cylindrical shell loaded
by both internal and external pressures. Axisymmetric loading and
geformation are assumed. Loading {is also restricted to being
uniforme in the axial directions and no bending is considereds The
geometry and coordinates are shown in Figure 1ll. The displacements
of the midplane of the shell are y and w in the radial ang¢ axial

directions, respectively.

For this <cases the equilibrium equations are identically

satisfied by

r, P -
g = 2 L ro Po
&) t (77)
2 2
) £y Pl - X, Po
a, — 2 2
z
P

(78)
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Figure 11. Fuel rod gecometry and coordinates,

where

]
H

hoop stress (MPa)

axial stress (MPa)

]
]
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r = inside radius of cladding (m)

r, = outside radius of ctadding (m)

Pi = fuel rod internal gas pressure (MPa)
ﬂ; = coolant pressure (MPa)

t = cladding thickness {(m).

For membrane shell theorys the strains are related to the midplane

displacements by

3w
e =
, 5Z (79)
- u
Eg = —
r {80)

where r is the radius of the midplane. Strain across the thickness
of the shell is alloweds In shell theory, since the radial stress
can be neglecteds and since the hoop stresss Og ? an¢ axial
stress, c,» are uniform across the thickness when bending is not
considereds the radial strain is due only to the Poisson®'s effect
and is uniform across the thickness, (Normally, radial strains are
not considered in a shell theorys but plastic radial strains must be

incliuded when plastic deformations are considered).

The stress—strain relations are written in incremental form as
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T
1 P P
€y, = {0, =vol+ e + de +
6 E o dT
6 z 8 8 {o 9 {81}

T
1 F P
= = - + de” + o dT
Ez E {Oz v 08} + Ez z -{ z (82)
Q
Vv P P 1
= _ = + + o dT
€. 5 {ce + cz} + e der { . on)
o]
where
T, = strain—free reference temperature (K}
v} = coefficient of thermal expansion
T = current average cladding temperature {K)
E = modulus of etasticity
v = Poisson's ratio.

The terms e;: ez and ei are the plastic strains at the end of the
P
last load increment, and deen dEz: and dei are the additional

plastic strain increments which occur due te the new load increment.
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The magnitude of the adoitional ptastic strain increments is
determined by the effective stress and the Prandtl|-Reuss flow rules

expresses as

-1 2 2 2
O e [(0e T 0 T (o) + (o) ] 172

(84)
P
de = i Q.E.-S. fori—r,esz
¢ o, 1 {85)
S, = o, ~% (6, +0) fori =r,6
i i 3 Y 2z or i Y52 (86)

The solution of the open gap case proceeds as follows. At the end
of the last loao increment the plastic strain components:eP ’ ez:

E are KNOwWna also the total effective plastic strainyec o s

Kknowna

ang ¢

The 1oauing is now incremented with the prescribed values of
Pi’ PO, and T+ The new stresses c¢an be determined from Equations
(77) anc {(78)» anc a new vatue of effective stress is obtained from
Equation (84).

The increment of effective plastic strain, deP, which results
from the current increment of loacdings can now be determined from
the uniaxial stress-strain curve at the new value ofoe » as shown in
F;gure 12. {The new elastic loading curve depends on the value of
£ Ja

P
Once d¢ is getermineds, the individual plastic strain
components are found from E£quation (685)s and the total strain
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Figure 12. Calculation of effective stress 0, from dEP.

components are obtained from Equations {(81) thorugh (83).

The displacement of the inside surface of the shell must be
determined so that a new fuel-cladding gap width can be computed.
The radial disptacement of the inside surface i5 given by

r {87)
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where the first term is the radial displacement of the midplane

[Lfrom Equation (80)] and €, is the wuniform strain across the

cladding thicknesss t.
The cladding thickness is computed by the equation

t = (L+ec)t
r o (88)

where

t = as—fabricateds, unstressed thickness.

The final step performed is to add the plastic strain

increments to the previous plastic strain values; that is»

(Eg)new (Eg)old * deg
) ey = EPo1a * 9
(Ei)new = (Ez)old + dEE
(EP)new = (ep)old + dEP (689)

These valtues are used in or for the next load increment,

Thus all the stresses and strains can be computed directlys
since in this case the stresses are determinate. In the case of the
driven cladding displacement, the stresses depend on the
displacement, and such a straightforward solution is not possible.
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The <closed gap modeling considers the problem of a cylindrical
shell for which the radial displacement of the inside surface and
axial strain are prescribeds Here the stresses cannot be computed
directly since the pressure at the inside surface (the fuel-ctadding

interfacial pressure) must be determined as part of the solution.

As Iin the open gap modelings the displacement at the inside

surface is given by

t
= - — £
“(ri) R R (90)

where u is the radial displacement of the midplane. From Equation

(8l)y u = ree and

= 3 L
u(ry) = regmg € (91)
Thuss prescribing the displacement of the inside surface of the

shell is equivalent to a constraining relation between € g and
Ei. As befores» Hooke's law is taken in the form

T

1 P
e = = - P
9 £ (O vUz)+ae+d€8+faedT
I (92)
T
P
1 dT
€, 5 (o, =V 06) +e + de, + 4/- a,
L (93)
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T

| P o dT
“r =_%(OB+OZ) +Er+d€‘r+f r
‘o (94)

Use of tquation (91) and (94) In Equation (92) results in a relation

between the stresses Tg? T % and the prescribed displacement ulr ):

1
u(r,) T
i 1 .t
- +35 ) fef + aef + f adT}
- r r
r r T
o]

T
_4.P P 1 Vot
{58+d€8+-1[ adT} -sla+3 Lyo
r

o

1 ¢t
r

Equations (93) and (95) are new a paéir of simultaneaus algabraic

equations for the stresses g

5 and oz, which may be written as

B
A1 Ao % 1
B
A3 Byg %, 2] (96)
where
= y t
A, = 143 &
r
_ o dle -1
Ay v = )
r
Ay = -
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T

E z P P '
1 — +5 () el + del + f adT}
r r q

0

T

P P
-E {gy + degg + f adT}

Then the stresses can be written explticity as

B 4y, By By
5. = — 5
6 Ay Bgg TR B (97)
o, = 2% Th
Alp A2 T A A (98)

These equations retate the stresses to u{ril and £ which are
Z

prescribed, and to dgg, dez; and dei which are to be determined.

The remaining equations which must be satisfied are

= l [(O' - )2 + (08)2 + (0 )2] 1/2
de 5 e z z (99)
de 3 [(der deg)” + (deg - de )7 + (de - de)) ] (100)

and the Prandti-Reuss flow equations [defined ifA Equation (85)]
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P 3 de 1

de == — o. - =
2 o % —3 (05 +0)] (101)
P

P 3 de 1
ds == — [o - (0, +0))

P _ P P
dEr = - dEB - dez {103}

P
The effective stresss 0e » and the plastic strain increments dc »
must of courses be related by the wuniaxial stress=strain law.
Equations {(97) through (103) must be simultaneously satisfied for

each loading increment.

As discussed in Section 2+.4.1.1» a straightforward numerical
solution to these equations can be obtained by means of the Method
of Successive Elastic Solutions. By this methods arbitrary values
are initially assumed for the increments of plastic strain, and
Equations (97) through (103) are used to obtain improved estimates
of the oplastic strain components. The steps performed are as
foltows for each increment of load:

P
P, defs and ng are assumed., Then» dc is
0 z r

computed from Equation (100) and the effective stress is

l. Vatues of de

obtained from the stress—strain curve at the value of "

2. From Hooke's ltaws stitl using the assumed plastic strain
increments and the prescribed values of wulr;)} and €, 9
values for the stresses <can be obtained from Equations
{97) and (98).
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P P P
3. New values for deey dez: and der are now computed from the

Prandtli-~Reuss relations,

P
* e (104)
using Oe as computea in Step ls and o, as computed in Step
1
2
P P P
4, The old ang new values of dtes dez; and dgr are compared
and the process continued until convergence is obtaineo.
Se Unce convergence has been obtaineds, the fuel=cladaging

interfacial pressure is computed from the following
equation.

to.+r1r P
3] o o

int ry {105)

when Steps 1 through 5 have been accomplisheqr the solution is
completey provided that the fuel~cladding interface pressure is not

less than the local gas pressures.

Howevers due to wunequal amounts of plastic straining in the
hoop ana axial directions wupon wunloading, the fuel-cladaing
interfacial pressure as obtaineg in Step % is often less than the
gas pressure even though the fuel-cladding gap has not openeds When
this situation occurs, the frictionalt "locking” {which is assumed to
constrain the cladaing axial deformation to equal the fuel axial
deformation) no longer exists. The axial strain and stress adjust

themselves so that the fuel-cladding interfacial pressure equals the
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Gas pressures at which point the axial strain is agsain
"lockea". Thus, upon further untoadings the axial strain and the
hoop ang axial stresses ccntinually readjust themselves to maintain
the fuel-cladding interfacial pressure equal to the gas vpressure
until the fuel-cltadding gap openss Since the wunloading occurs
elastically, a solution for this portion of the fuel-cladding

interaction problem can be obtained directly as discussed belows

Since the wexternal pressure and the fuei-caldding interfacial
pressure are knowns the hoop stress is obtained from Equation (135)

as

G . (106)

From Equation (91)s the following expression can be written

fuel
_ . -8+ t/f2 €.
8 _

r

(107}

Substitution ofe6 and £ s as given by Equations (92) ancd {(94), into
r

Equation (107) resuitts in an explicit equation for o 1@
Z

vr, o, = (r +v t/2) 08+'E E (f cch+dsg)

-%E ( f adT+dez) - Eu (r)
1 (108)

in which g, is known from Equation {106). With oz and o, knowns the

B 8
strains may be computed from Hooke's lawy Equations {92) through

(94)s This set of equations is automatically invoked whenever P . .
in
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is computed to pe less than the ftocal gas pressure.

As in the open gap model ings the last step performed is to set
the plastic strain components and total effective strain equal to

their pew values by adding in the computed increments de? and deP.

The stress=strain modeling is used to relate stress and plastic
strainy taking into consicderation the girection of loading ano the
previous plastic deformation. A typical stress=-strain curve s
shown in Figure 13. This curve presents the results of a wuniaxial

Stress

Strain

Figure 13. Idealized stress-strain behavior.
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stress—-strain experiment anc may be interpreted beyond initial yielg
as the locus of work—-hardened yield stresses. The eguaticon of the

curve is provided ty the MATPRU package at each temperature.

To utilize this informations, the usual idealization of the
mecnanical benavior of metals is mades Thuss linear elastic
behavior 1s assumed until a sharply defined yieid stress is reachec,
after which plastic {irrecoverabie} deformation occurs. Unloading
from a stress state beyond the initial yield stress;Ug s is assumed
to occur along a straight line having the efastic modulus for its
siopes When the {uniaxial) stress is removed completely, a resicual
plastic strain remainss ang this c¢ompltetely determines the
subsequent yield stress. That iss when the specimen 1is locaded
againy loading will occur along J{dine BA in Figure 13, and no
additional deformation wWill occur until point A is again
reachec, Point & is the subsequent yield stress. If 0 = f(E) is
the equation of the ptastic portion of the stress—strain curve
{(YAC)» then for a given value of plastic strains the subsequent
yielo stress is found by simultaneously socltving the pair of

equations

a
n

f(c) :
o = E{(e¢ - €7) {109)

which may be wWwritten as

J P
(s} = —_—
f(E + € ).

{110])

This nonlinear equation may be solved efficiently by using Newton's

iteration scheme
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(m)
ar1
o - f[o +€P] m=0. 1 2 (111)

. . . (0} . . .
The initial iterates C » is arbitrarys and without Iloss of

generalitys is taken as 34.% MPa. For any monotonically increasing
stress=plastic strain relaticns the iteraticon scheme in Equation
(111) will converge uniformly and absotutely.

The computations of the stress-strain modeling are described
pelow, The first computes strain as a function of plasti¢ straingy
temperaturey, and stress. The second computes stress as a function

of plastic strain, temperature ang plastic strain increments.

, . P
Vatues of plastic strainsc » temperature and stress are used as

follows:
l. for a given temperatures O = f{c) s obtaine¢d frem the
MATPRO package.
P i .
2. The yield stress oy for given ¢ is opbtained from Equsation
(111).
3. For a given value of stress, 7,
if 0<o,e= 2 +¢f
E
P P {112}
£ = ¢
new old
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ifU>O’,E=
y f (o)

EP =
new € - 0/E
aef = P _ P

new old’ (113)
where £ is computed using the MATPRO package.

Values of plastic straing EP; temperaturey, and plastic strain

increment, dEP; are used as follows?

l, For a g¢given temperatures O = f{£) is obtained from the

matpro package.

Z2a The yield stress gy for given eP is obtained from Eguation
{1111},

3. Given GEP (see Figure 1l4),

(114)

p
Since de > 0 the new value of stress and strain must tie on
the plastic portion of the stress—strain curve 0 = f{c)sa So0s O and
¢ are obtained by performing a simultaneous solution, as before.

Rigid Pellet Fuel Deformation in FRACAS~-I——This section
describes the analytical models used to compute fuel deformation in
FRACAS~I. Models are available to calculate tength change and fuel
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Figure 14, Computing STRESS.

radial displacement. Relocation is also considered in FRACAS-I, and
is also qQiscussed in this section. The effect of relocation
howWevers is included only in the thermal response and is not

considered in the mechanical response of the fuel and cladding.

The assumptions made with respect to fueil deformation in
FRACAS-I are that no pellet deformation is induced by fuel—cladding
contact stress or thermal stress and that free=ring thermal

expansion appliess tach individual fuel ring is assumed to expand
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Wwithout restraint from any other ring, and the total expansion is

the sun of the incividual expansions.

Ragial Deformation--kadial gefarmation of the pellet due to
thermal expansions irradiation swelling and densification is
calculated with 2 free~ring expansion model. The governing equation

for this model is

N
= + .+ ed,

Ry Z £, (1 + Gy Mi €5, 1)

i=1 . (115)
where

RH = hot=pellet radius (m)

uT = coefficient of thermat expansion of the i-th

i

radial temperature (1/K)

&Ti = average temperature of ith radial ring (K)
&ri = width of i-th radial ring {(m)

N = number of annular rings

£84 = swelling strain

eai ® densification strain.
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Axial deformation--Axial deformation of the fuel stack s
calculated by summing the maximum ring axial expansions of each
peliet, Faximum ring axial expansion of each pellet is calculated
as the difference between the tength of the ring with the maximum

overall hot Jlength and the cold lenyth of that ring.

The calculation of the overall ring height includes
consiaeration of a central aishy when present. The fuel stack

length is thus catculated from

M
L, = Z (1 + uTiMi +t s, +ed) L

j= {116}
where

i = the rinmg wWith maximum axial tength of the j=th

node

Lf z hot length of the fuel stack {m)

M = number of axial nodes

Li = length ot the j—th radial ring (m).

Fuel Surface Relocation——Two closely related models are used to
compute the effect of relocation. The fuel surface relocation model
results in an effective peliet-ctadding gap which 1Is wused in
camputing the gap conductance and the thermal gap. The space made
available for cracks based on this model, is distributed inside the
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pellet. This leads to the second relecation model which calculates
an effective thermal conductivity across the cracked peliets The
effective thermal conductivity mocel was previously discussed in
Section 2.3.7.1-

The amount of fuel surface relocation necessary to result in
the proper gap closure versus power was studied by Coleman using
FRAP=T3., These results are presented in Reference 25. The model
which was developed from these results provides FRACAS-I with an
effective fuel strain which is a function of the fuel rod cold-state
geometry.« This strain is treated the same as the other fuel radial
strains (thermal expansion, swellings and densification). With

reference to Figure 15, the equation for the variable relocation

Relocated gas gap

Unrelocated gas gap

U{rj)

Hot cladding inside surface

radius

~~—As fabricated cladding
inside surface
INEL-A-8659

Figure 15. Fuel relocation.
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mode |l displacement is

l« Open Gap (ase

U = & - 0,005 r
¢ £ (117)

2« Closed Gap Case

U, = § - Up - U(ri) (118)
where

U, = radial displacement of fuel due to relocation (m)

UT =z radiat displacement of fuel due to thermal

expansiony irradiation swellings and

densification (m)

Utril - radial displacement of the cladding {(m}
$ = as—fabricated fuel-cladding gap size {(m)
rf = as—fabricated pellet radius (m).

The fuel=-cladding gap size used in the thermal and internal
pressure calculations include the fuel relocation, while the fuel-
cladding gap size used in the structural calculations does not. The
fuel conductivity Is modified according to Equation {(51) to account
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for the c¢racks formea by fuel relocation.

2s4aled Deformable Petlet Deformation Model--The deformable
peltet odeformation modelds FRACAS-II» is used to calculate the fuel
rod oeformatioen when stress effects on fuet deformation become
impartant. Tnis wmodel computes the stress and strain distributions
in both the fuel and cladding. Efastic and plastic strains in Dboth
the fuel and clacgciny are considered. The siresses and strains in
the fuel and cladding are ottained by the transfer matrix approach,
The plastic strains are obtainea by the Method of Successive

Substitutionss which Wwas outiinea in Section 2+49.1.1.

The method <f cbtaining the "pseudo—elastic” solution for fuel
rod stresses ang strains required at each ptastic strain iteration

in the Method of Successive Substitutions is described below.

The geometric mouel is 3 right circular cylinder (either solid
or hollow) in a state of generalized plane strains The applied
locads are external pressure, internal pressure {if the cylinder s
noltlowlsy and axial force. The «c¢cylinger may consist of a single
material, or may be a composite cylinder consisting of two layers of
JifFerent materials. An arbitrary radial temperature distribution
may te prescribeds and temperature dependent material properties may

be useaq.
A single layer {homogeneous) cylinder is used to analyze the
fuel and the clacdcing separately before c¢aontact occurs. A two-

layered (composite) c¢ylinder is wused to analyze the fuel and
claading after fuel expansion results in firm contact between the
fuelt ano the claacing. fFor the composite cylinder casey the stress
and strain distributions are permitted to be discontinuous at the
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interface between the 1{ayerss and the discontinuity in radial
displacement ard axial strain must he determined. {The
discontinuity values are obtaineg from the displacements which exist

in the fuel and claading at the instant of fuel-cladaging contact).

The method wusea to solve for the stressesy strains and
displacements in the composite cylinder is the transfer matrix
approachs as described in Reference 24, modified to consider the
state of generalized piane strain., In addition, the technique has
been extendeg to consicer displacement discontinuities anc both

axial and radial crachks in the cylinder.

Firsty a compiete homocenegus cylinder with no discontinuities,
but with variable €» vy and o (modulus of elasticity, Poissonts
ratic, and coefficient of thermal expansions respectively) is
consigered, Unty raciai variations in temperatures T» and material
properties are considereds Generalized plane strain cdeformation is

assumeaosr so0 that fcr all r»y

€
2 = constant (119)

The wvablue of the constart axial strainy ez, is determined from the

condition of axial force equilibrium,

fdeA = F
z 2 (120)

where F is the resulting axial forcee. Fz is determined from the
Z

known internal anga external pressures.,
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The governing equations of equilibrium and compatibility in the

absence of any dislocations (displacement discontinuities) are given
by

=+ = = 8 Lo (121)
dee s 88 - Er -0
dr T (122)
The elastic—-plastic stress—strain relations are
1 P P
= = - o+
€y g [0, "Vt ol +aT+e +dey {123)
€ = L lo, - vio +U)]+0¢T+€P+dP 24)
E g r z a B EB {1l
€2 % 3 [0, =V, o)l T+ ek + ek (125)

Substitution of Equations {123) and {(12%) into Equation (122)
results in

)

d 3] 3
EEIE__E(Gr+Gz)+mT+Eg+dEg
P P
g, O O, T— & -
+ l;v ('8 -"r) . 8 T r T N €q .
r T r
deg _ def (126)
+ =
- 0

Equations {(121) and (126) reiate the stresses as they vary across
the cylinder. A number of node points are introduced along the
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radius of the cylinder, and the stresses are evaluated onily at the
nodes. Thus Equations (119}, (121} (125) and (126) can be written

in finite difference form, and a set of recursion relations.

% | o
o, L - L) o, + {M(1)
oz i+l g i
z (127)

are obtaineg. This matrix equation retates the stresses at node i-1
to those at node is. The matrices [L{i)] and (M{i)] depend only on

the materials propertiess geometry, and plastic strains.

By successive application of Equation (127)s a relation between
the stresses at any node and the stresses at node 1 {(the node at the
insiope of the cylinder) can be obtaineds This relation takes the

form

{o}i+1 = [a(i)] {O}i + {B(i)} (128)
where

{o} = {or,oe, ok (129)

The wmatrices CA(i}] and {B8(i)] may be determined from [L(i)] and
[M{i)]ls as follows:

[A(1)] = [L(i)] [A(L-1)] {130)

{B(i)} = [L(i)] {B@i-1)} + {M(L)} (131
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for i greater than 1ls and

il

(A (1)) {L{1)] (132)

{B(1)} = {M(1)} (133)

for i equail 1.

dy recursions [A{i)] and [B{(i)] across the cylinder wall .can be
gbtained with the result that

{U}N = [A(N-1)] {0}1 + {B(N-1)} {134)

At the ocutside surfaces Or = —PO, where P0 js the external {(coolant)
pressure acting wuwpon the cladding. Thuss the following condition

can be obtained.

-P =A N-1 4 - .
o 11 D 0. {1) + A, (N Doy (1) + A; 5 (N-1) o (1) + B, (N-1) (135)

At the inside surface of the cylinder, one of the following

conditions holds:

p , if 0
Ur(l) P, if r) #

o (1) =05 (1), 1f 7y =0 (136}

rinallys the condition of axial equilibriums
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n-1

(137}
must pe satisfiea. ULsing the recursion matricess this becomes
N-1
?;l OZ(J)dAj = {001] {[1] da, + [a/] da + . . .+ |ay_lda o)
+ {0 + {Bl} da, + . . .+ {BN_l} dAN}
& (€] {o} + (D}
— {138}

The axial force <congition is the third component of this matrix

equationys which can be written as

F =
z = €339, (1) + D,

{139)

Equations {135)s {136)s, (139) are solved simultanecusly for the
stresses at the inside node [ 0] » after which all other streses andg
strains cah be determined from the recursion refations given in
Equatsion {1281},

Thuss once the transfer matrices (L{i}) and [M{i)] in Equatian
(L2?) are known for each annulus in the cylincery finding the
stresses throughout the cylinder becomes a straightforward

Procedure.

The advantage of using the transfer matrix approach in solving

for fuel rod deformations is that different transfer matrices can be
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useds depending on whether the fuel is cracked axially or radially,
or bothy» and whether or not the cladding and fuel are in
contact. The basic solution technique is not changed. The various

transfer matrices required are iljustrated below.

Homogeneous C(ylinder——This section describes ¢the transfer
matrices for a homogeneous cylinder in which the radial
displacements and axial strains are continuouss The temperature and
material propertiess howevers may vary (radially}) in an arbitrary

Manner

As shown in Figure 16s the cytltinder (either holtow or solid) is
broken up into N-1 annular regionss wWwith N node pointss, where ri is

the radius to the first node. (For a solid cylinder ri = O)a
Values of stressesy elastic strainss and plastic strains are foundg

at each ¢of the node points,

The derivatives are evaluated at the center o¢f each annular

region; that is» for the j=th annuluss at

r=10.5¢(,, B +r1r)
j+1 h| {140)

Equations (121} and (126) are written for the wmidpoint of each

annular regione. Thusy for the j=th annulus,

d Ig 95 (j+1) _ %6 (1)
= =) =|E G E(j) (rj -r.)

(141}
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SRR LGRS P
E E(j+1) E (j)
{142}

where function values at the midpoint are taken as the average of

the function valtues at the endpoints. Denoting arj = rj+1 - rj,

"y Radial nodes

Figure 16. Node and annuli geometry.
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fquations (121)s (12&)s andg (119) and (125) become

1 i -1
~ + o {j+l) +[ ] o, {j+1}
[rj+1 rj 2 rj+l] T 2 T %

1 1] , 1
= - - U (J)+[—“—] 0,{3)
r T, 2r, r 2r., 8
[‘m ] j 3 (143)
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ang

-v_(J+1) : V() .
1E(j+1) ﬂr(j)lgz(‘]-ﬂ) +{E(J) ar(;)g 9

- v{j+l) 1 + v({j+1) .
{E(J+l) Ar T2 E(j+l)rJ+l} o, (3+D)
1+ v(j+l) .
{E(J*‘l) Ar{j) 2E(j+1) rJ+1} 0 €3+1)
+(j) o1+ v )
+{E(J) (1) 2EQD 1, o3
i+ v .
+ {E(j) Ar (i) T3 E(§) T } 08(3)
+ 3@ T(_]'l'l) + € (_]+1) + del (J+1) ( 1 + 1
Ar(3) 2 rj+l

-1 1
+}[:16T(j) + ag(j) + deg(j)] [&r(j) + er] }

_ B P P,
+ {21—,1 o.rT(j-l-l) + Er(j+l) + der(3+1)]
i+l L
- i P,. p
+ {El:-— a 1) e )+ der(j)] } =0
J -
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ands finally

1 s 1) - o (341
EG+D) ‘oz(j+l) v (§+1) ‘§r(3+l) 08(J+ )]

+[a T + EP + deP ]
Z z 2]

1 \ . . .
- +
503) 102(3) v(j) [Or(J) B(J)]%
P P
+[azT + EZ + dez] (145)
3
For the j=-th annuluss, Equations ({(143), (144) and ({(145) may be

compactly written as

H

=]

Or
[ED] o, = (F(D] ot + {e()
OZ
41 i (146)

where LEJ» [F] and [{G] depend only on the material propertiesy
plastic strains and thermal strains. The axial strains do not cccur
in the aboves Multiplication of this equation by the inverse of [E]

results in the equation

a g

In r
9 = [L®1 %] + (M},
GZ . UZ
i+l ] (147)

Since neither [E] nor [F)] depend on the plastic strainss the
matrices [E]_1 and {L] need to be found only once for each Joad
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step. Hence only [E] {G] need to be recomputed at each step of
the iteration in the Method of Successive Substitutions,

Transfer Matrix Across a Surface of Displacement Disconti-
ndity-—-0ne annulus of zero thickness is wused as a surface of
discontinuity. The radial displacement and axial strain across
this discontinuity may bhe discontinuous. The displacements on each

side of the surface are related ty

u (k) =y (gt

r 1'( 1) + &ur (148)
e (k) = e, (tl) + Ae_ (149}
where K is tre annulus corresponding to the surface of
discontinuitye. In additiony the radial stress must be continuocuss
so that

[8) =

8= 0 () (150)

Then by use of the compatability equations and Ey ® urfr: Equations
(148)y (149) and (150) can be written in matrix form as

(Pligy {ohyy = [2] {0} + (0] (151)

The inverse of [Pl is easily evaluated explicitlys so that the
appropriate transfer relations across the fyel-cladding interface

are
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_ -1 -1
lohgr = [Pl [PI foh +0(P), {Q) (152}

which s in the form of Equation {128). Similar transfer relations
are useog for difterent combinations of axial ang raogial <c¢rack

patterns.

2442 1he PELET/¢ALIAL Mocel. This section describes the RADIAL
mogels, which estimates the thermal/mechanical state of the fuel
during a time stepr and the PELET models which calculates the
incremental etastic—plastic ctadding geformation at the end of the
time steps The interconnection between RADIAL and PELET  was
indicatea in Section 2.2.2 and is described in detail in Appendix C.

2+4+241 The RAUIAL Model=-~The principles by which hydrostatic
stress and free area distribution are derived from in-reactor data
were dgescribed in Section 24242« The free area is that portion of

the (r»0) area circumscribed bty the cladding which is not occupied

by fuel, Part of this area resides in the fuel-cladding gaps and
the remaincger in the fuel crackse. These same principles and
assumptions are applied in the RADIAL model {where current

temperatures and pcwers are treated as data) to converge on values
for the hydrostatic stress ano free area partition for each axial

node for the current time step.

This convergence is accomplished as fotlows. It is requirea to
bring the quantity {(PRG-PRF) below some criterions where PRG and PRF
are the (hydrostatic) stresses in the fuel-cladding gap and fuel
crackss respectively. These two variables can be independentiy
calculated via the Mikic Modgel given an estimate of total free areas
that is» tne area which results from the fuel and c¢ladding
temperature and expansion plus an estimate of the current local

fuel=cladding yap sizes Choices for the fuel-cladding gap size are
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constraineqg. They must be less than about 30, where ¢ is the
standarc¢ cgeviation of the fuyel-caldding yap roughness (1/2 peak
height)s The value of O is fixed in RADIAL as 1/5 of the as~-
fabricated fuel-cladding gap sizes (Changes to this gap size
occuring from densification, creepr» anoc swelling are taken into
account.) The Froblem is to find some rule for successive
variations of fuel-cladaoing gap size s0 that convergence is
achieveds The method wused is sketched in Figure 17. The original
set of gap size-stress values from the previous time step is varied
up and down producing three cases and three values for (PRF-PRG)s A
parabolic fit through these values gives an estimated fuel=-cladding
gap size where {PRF-PRG) = 0, The process is then repeateds using
the last three values of (PRF=PRG). Convergence is rapid.s The
effective values for fuel elastic moduli can then be estimated via

empirical correlations which will nom be described,

The values deducec for the effective radiat anc axial moguli
from in-reactor data have been found to correlate particularly well
Wwith certain parareters: the radial modulus correlates well with
estimated local «crack area and the deduced effective axial modulus
correlates well with the calculated local total free area. The
specific rods examined are listed in Table 2. Note that they span
the range (in terms of cold free area) of U.S. power reactor fuel
rod oesignse This is emphasized in Figure 18. Plots of deduced
glastic moauli versus void area are shown In Figures 19 and 20. The
respective void areas are expressed as percent of total area within
the cladding. Note that both moduli exhibit distinct separation
accoraing to cold free volume, in addition te having strong
dependence on the gphapge in void area with increasing power. This
segregation is p@f 2 measurement anomaly; replicate rods from
various tests produced highly similar results., 1In addition, rod o6
in test IFA~513 and Kod 1 of test IFA-432, although lidentical in

designs are different in fill gas composition and hences in power-
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PRF-PRG

VARIATION 1
ORIGINAL ESTIMATE

N
\ VARIATION 2

NEW ESTIMATE \

Gap Size

Figure 17. Convergence method for determining gap size and
interfacial (hydrostatic) pressure.
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TABLE 2., RODS EXAMINED FOR FUEL ELASTIC MODULUS CORRELATIONS
(ALL 10% ENRICHED)

R ERD STRGRRE winfer ofdmleln'lnE, Didmerrst  (Eitf cas
432 10.68 230 He
432 10.52 3ao He
432 10.83 75 He
513 6 10.68 230 Hes Xe{(77%,23%)
temperature relationship. Their correspendence on both plots

attests to both the adequacy of the correlating parameters and the

real ity of segregation according to initial void area,.

These facts provide a basis for correlfating effective moguli
Wwith current free void and its partition. The elements of these
correlations (icdentical in logic for both moduli) are best shown
schematically. In Figures 21 and 22 tlimit lines are shown for the
radial and axial elastic moduli, respectively. These represent
upper and lower (zero- and high—-power) limits on the moduli as a

function of crack a2nd total void area, respectively.

A hypothetical path for a particular fuel rod during ascension
to power Is traced on each plot given in Figures 21 and 22. As
power and temperature increases, the void fraction decreases. At
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21t

RANGE OF U.S. POWER
REACTOR DESIGNS

ROD RODS ROD
432-3 432-1 432-2
513-6
| | | | | | |
1 2 3 4 5 6 7

Cold Free Area, 7 of Enscribed Area

Figure 18. Range of test rods examined in terms of free
area within the cladding.
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Figure 19. Radial elastic modulus as a function of fuel
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Figure 20. Axial elastic modulus as a function of total
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Figure 21. Upper and lower limits of the fuel radial modulus

as a function of current crack area.
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Figure 22, Upper and lower limits for the fuel axial modulus
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firsty, the moduius is allowed to respond to decreasing void fraction
by traveling only along the lower limit curve. HoWwevers with a
continually decreasing voids the modulus is allowed to travel toward
the upper limit curve and is constrained to follow that curve having
intersecteo it. The criteria governing departure from the lower
fimit curve ano travel! toward the upper limit curve is discussed

below,.

rrom cladding elongation data, a distinct change in stlope for
elongation versus power plots was observed at about the point where
15% of the total (colad) free void is estimated to bte <consumed by
fuel thermal expansione. Accorcingly, this is established as the
point of departure from the lower 1imit curve. Similarly, it has
been observed that the slopes of the cladding elongation versus
power curves temd to increase onty wuntit fuel voluyme average

temperature exceeds the temperature at the departure point

T-T
by about 280 K. Accordinglys the ratio —_5562 defines the fraction

of the total distance between the two curves which the rod will

attain. In the aboves T is the current voluyme average fuel

temperature and T is fuel average temperature at the time of

[
departure from the lower—liimit curves. These criteria apply to both

modulie

2+4¢242 The PELET Package for Mechanical Analysis=--PELET is a
modification of the chained radial ang axial finite element models
used in the GAPCON-3° fuel performance codes The axial and radial
modelis are “chained" in the sense that the axial stresses from the
axial modet constrain the vradial calculationss, which apply to
representative slices of the fuel at each axial node. This section
reviews both the original calculational procedure and the nature of
the modifications made to ite 7This review is followed by a detailed
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discussion of the basic mocdels and solution procedures. Finallys
the methods by which cladding creep and plasticity are handled in

PELET are describec.

Modifications to the GAPCON-3 Procedure--The GAPCON—-3 procedure
for finding the incremental elastic deformatian and stress in the

ctadaing iss?

l. Kepresentative thin slices of fuel roo (at midpoints of
axial regions} are modeled by a series of axisyrmetric
triangular elements (see Figures 23 and 24}s Incremental
thermat strain on these elements is treated as Initial
strain, ang transtated into loads. These are combined
with incrementat pressure toads to find incremental stress

in the elements.

2 The estimate of incrementat fuel=-cladding interfacial
pressure {for regions in contact) is translated te radial
loads which are applied to a comprehensive axial model of
the total fuel roa (see Figure 25). Only axial stresses

and strains are retained from this model.

3. The axial stresses within each axial region are transiated

to axial loads for a final pass through the radial mocelss

This chained radial—axial-radial procedure is modified in the

PELET model in the following ways:

1. Al axial vregions are assumed to always te in

contact. Therefore, radial mode | catculations are
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NODE DISPLACEMENT VECTOR

LOAD VECTOR OF NODAL APPLIED
LOADS, THERMAL LOADS, CREEP
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Figure 24, Radial calculation model.
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FUEL ELEMENTS
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e
-

Figure 25, The axial mechanical analysis model using a
quadrilateral element composed of four triangular
elements. Cladding is accomplished by closure of
the gap elements.

performed at ajlj] regions,

Next» the RADIAL model provides the estimate of
incremental interfacial pressure;} therefores the first

pass through the radial model has been eliminated.
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3. The elastic moduii assigned to the fuel are altered

(reduced} and are suppliea to PELET by KADIAL.

Except for the above moaificationss the PELET model functions
in FRAPCON=2 45 in GAPCUN=3. The details of the solution procedure

are discussed next.

gdasic Models: Solution ang Incrementation Procedures——The
formutation sotution procedures and incremental procedures for the
radial and axial finite element models remain unchanged in PELET for

FRAPCON=-2. For completeness these procedures are described below.

Finite Element Formulation~—the governing equation in a finite
etement matrix mechanical analysis procedure relates the applied
loads to the resutting agisplacement through a Vinear transformation

matrixe This can Le agescribed by the following equations

K] [ql; = (£] wternal T [f]creep * Ul ermal
# 1 aeie = [Fly (153)
khere
plastic = incremental load vector due to plastic loads
(f) axternal = incremental load vector due to external (oads
[f]creep = incremental load vector due to creep loads
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[t]themml = incremental ltosd vector due to thermal loags

Lql = nodal ogisplacement vector for a given

incremental toad vector

LK] = stiffness matr ix or tranformation matrix

relating applied {loads and gisplacements.

The fuel-cladoiny system experiences strains resulting from
displacements due to thermal expansion, internal and external
pressures and fuet-cladading interaction., Further displacement
strains are incurred though creep and plasticity. 1In PELET these
sources of strain are expressed as line loads [f]i at the element

poundariess

Chanyges in the element stresses and strains resulting from

thanges in the increnmental load vectors {f]i are found byt

l. Translating thermal expansion and external load changes to

incrmental nodal load vectors [f]i'

2 Solving Equatien (1%3) for the entire model to get the

nodal displacements.

3. Translating the nodal cdisplacements of each element to

element strain.

4o Subtracting the initial strain. f{(See the following

sections).
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5 Calculating stress from strain.

6 Correcting for creep and plastic strains by transflating

these to nodal loads and repeating Steps 1 through 5.

The stiffness matrix for the entire model is assembled from the
matrices for the irdividual elements, subject to compatibility of
nodal displacements and to boundary conditions. Each element matrix
is a 6 by 6 symmetric matrixs reflecting six degrees o¢f freedom
{radial and axial movement of the three corner node points). The
matrices for all elements are identical algebraicallys, since all
elements are identical structurally. The numerical values of the K
from the different matrices are aifferent for the following reasons.

l. The elements differ geometrically. (Nodes and internal
degrees of freedom are always numbered counter—cfockwise
beginning at the lower left corner. For some elements =

r3uhereas for others fy = ry» atca.).

2 The material properties will be evaluated at the element

temperature which differs from element to element.

3. The dimensions of the elements will vary as deformation
proceeds.

The single element shown in Figure 23 igentifies the three
triangular nodal points IJK. The figure indicates that for each
node there are two displacements, u and v, corresponding to the
ragial and axial directions for a total of six gisplacements for a

given element. The element stiffness matrix [K] is then a 6 by 6
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matrix relating the six unknown displacements with six loads applied
at the element nodes.

The derivation of Equation (153) is based on the minimization
of the potential, or strain energys, in a continuum which can be
specialized to a separate element. The strain energy can be written
as shown in Equetions (154}, (159%)s and (156) using the concept of
virtual strains ano displacements and relating the strain energy of

the body to the work done by body lgads and surface loads:

n = du - xdv - Tds
vol vol surface
(154}

du = —:1!- {e}" {o} av =% {e}" [c] (e} - {e, D1 dav (155)

=L Jiex}t (e} {elav ——;- {ex}T [c]{eo} dv - | Xq*dv - | Tq*ds
2 volume volume volume surface (156}

where
Lel = strains {unknown and virtual}
el = initial strains {known thermal, creeps etec.)
{Cl = material matrix
X = body forces

= O0s for this application
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T = surface tractions
q* = virtual cdisptacements
au = internal energy.

The component parts of Equation (1%6) can be rewritten in ferms
of matrix notation for an element where internal stresses and
strains are descrited in terms of element nodal values. Equation
{157) defines a transformation matrixs {N]s for an interpolation
function which relates the oisptacements of the element nodal points

[q) with the displacements internal to the element [ul.

{u} = [N]{q} {157)

An additional transformation matrix, ([(8)s can Le developed
which relates the element nodal point displacementss [gls with the

element strains, [cly as cgefined in Equation (158}.

{e} + [B]{q} {158)

by wusing Equation (158) and the material coefficient matrixs
{Clsy the element strain matrixs L[=1]» and element displacement
matrix» [qls can be relatea to the element stress matrixs Lg)s as

shown Lelow

{c}

{o}

(cl{e}

or

[C][B}{q} (159)
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The expressian for cgescribing the potential energy [Equation
{154)] can be rewritten by direct substitution of Equations (157},
{158)s and {159} as

1
=3 {e*} 81 (C1 (B {q}av - —;j {a*3 781 (1 {e Yav
volume volume @

"ﬁq*}T[N]T{X}dV - {q*}T[N]T{d}ds

volume surface (160)

Using the variational principle for finaging the minimum
potantial energy shewn in Equation {154) and differentiating with
respect to the virtual cisplacements, the expression can be
rewritten in terms of the functional I, the strain energy U and the

external work W as shown in Equation {1l6l}.

ATl = AU + AW = 0 (lel)

Extracting the virtual displacement vector {q)J from Equation
(160) anc performing the first variations indicated 1in Equation
(l6l) with respect to the virtual dispiacementss Equation (162) is
obtained.

0= f{B]T{C][B]{q}dV —f[B]T[C]{e }av —f[N]T{X}dV —f{N]T{T}ds
volume volume © volume surface (162}

Egquation ({(162) can be rewritten for this specific applicatiaon
by neglecting the body forces to obtain
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T
ﬁB] [C][B]av{q} -ﬁB]T[C]{E }av —/[N]T T{ds}= 0
volume volume °

surface
or
[K1{q} = {fb} + {fT}

{163)

where

(stiffness matrix for a single element)

X} = f[B]T[an]dv

volume
{£.} = [B]T[C]{e‘ﬂdv = (initial strain equivalent load vector)
b volume °
{f.} = [N]T{T}ds = (external applied surface forces translated
T surface into nodal loads)

The matrices [8), {C)] and (N] have yet t0o be cefined for an

axiﬂymmetric constant strain triangular element.,

For the case of interesty, the initial strain term [eol takes
tne form of thermaly plasticityr and creep strains. Equation (153)

can then be rewritten as

+ {f}

[K]{q} = {f}thermal + {f}plastic creep external

(164)

which is identical to Equation (153).

The actual application of this procedure to a given problem
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fequires the selection of an element configuration (triangle,
squares or rectangle} and the shape function [N] for describing the
relationship between nodal point dispiacements (gl and displacements
internal to the element {UJ. '

In the case of FRAPCON=~Z2» the element shape is a triangular
ringe. The triangular element is the least complicated of any of
the special etementss The operation defined in Equation (163)
indicates that the element formulation requires a volume integral to
be performed., fhe axisymmetric triangular ring element allows

integration as shown below.
(K] = 21:/][B]T[C][B]rdrdz
{L65)

An approximation to Equation (165} <can be obtained by using

centroidal valuyes
= 2n[(B]T(CI[BIT A
(K] = 2% (166)
where

A = cross sectional area of the triangle (the bar

indicates evaluation at the element centreidl.

Equation (166) has a further restriction in that the shape fTunction
[N} must be Jlinear and does not vrequire any additional nodal

displacements other than at the element cofners.

The shape function [N) can best be described by the geometry
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shown by Figure 23 using the noges IJK. The purpose of I[N] is to
provide a means of interpoiating displacements witnin the ©bouncary
of the eilement cefined Ly the nocalt displacements o0f the element

Corner s«

In generals the displacement of any nodes I» can be broeken into
two components, u and v as shown in Figure 23, A total
displacement of six components is needed to complete the nodal

vdisplacenent vectors C. For a given element,

S U

(q} =

<

< £
=

J (167}

Ustng a linear expression for u_ and v_» Equatiocn (168) can be

I I

written for atl the nodess

= + + Z
Up T T G0y RN
VI = 04 + GSrI + GGZI
UJ = Gl + aer + G3ZJ
vJ = aa + aer + GGZJ
uK = al + aer + GBZK

~ N N (168}
Yk T 9% T %57y %e2Zx
where

r = ragial dimension of the nodal point I
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2 = axtal dimensicn of the nodal point I

I

o 2 coefficient, to be determined
UI = nogal gisplacement vector

v = nocal displacement vector.

tquation {(l68) can te solvec for the %, ang an expression c¢an then
be written for the displacements u and v of any point within the
element at some location r and 2 (see Equation (16%9)1. This
transtormation between nodal point values and internal conditions is

the interpolation function [N]

u
o 1 (aI+bIr+ch) 0 (aJ+bJr+ch) 0 (aK+er+cKa) 0 I
v T 73 V1
0 (a1+b1r+clz) 0 (aJ+bJr+ch) 0 (aK+er+cKz) u;
Vi
Uk
VK (169)
Wnere
A = area of the triangular cross section LJK
i S N S G
ay - Egf1r T %k
a —1 —
X *1%3 Tk
b = -
I oA '
by T o -y
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CI = rK - rJ

RN SRS S e

C = r w— r

X J T (170}

tquation {169) can be rewritten in the form wused in Equation

{157) as shown bDelons.

{3} = N{a} (171)

The (Bl matrixs defined by Equation {(1%57)y relates displace-
ments toc strains and can be developed by examining the strain terms

which are defined for the axisymmetric condition as

. [ 3u )
Erw ar
u
€9 lT 3
{E} = 3 -
av
Ez gz—
du av
Y = + 7=
L ‘rz) \ 3z  Ir (1723
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ors noting that u ana v are [gd,»

{e} = [B]{q} (173)

where [B) is evaluated at the element centroid (the Lar ogenctes

ceptroidal values for r denoted by r)»

aNI 0 BNJ 0 BNK 0
ar ar ar
fl 0 Ei 0 EE 0
T T T
B] = 0 BNI 0 BNJ 0 BNK
3z a9z az
(174)
BNI BNI BNJ 8NJ aN BNK
_Bz ar 9z ar 3z oar |
where
e SR it S
ar 1 9z I
Nl N
or i dz J
ﬂ = b E.N—K = c
ar k oz K
N a C ;
T = —
T T



N a c_2
J . J —_-
— = — +b; %
r 3 r
a C;
% o _ X +bK+_K_
T T ' r (175)
The waterial matrix [C] can either be written for anisotsropic
material properties or feor isotropic conditions., PELEY vpresently
uses the latter condition in the cladding
E 1-p u u 0
LC] (1+) (1-2w) it -y o 0
H u -y 0
0 0 0 1-2u (176}
2
where
3 x elasic modulus
U = Poissonts ratio.
However in the fuels the anisotropic form is used as follows
E
r
c = E

() (-0 -2 5 1)

2

1
a



Er Er 2
5 B2 L=l (1)
a a
E E
b8 2 r 2
RE M Y E W Ua(l-mr)
a a
2 Ea
ua(l+ur) ua(1+ur) (- )E;
0,0 0.0 0.0
where
€ = elastic modulus
u = Poisson's ratio
r = ragial direction
a = axial direction.

By wusing Equations (169}, (171)»

(170

0.0
0.0
0.0
Er 2
(l+ur)(1—ur—2E— v, )
a
E'['
ZE— (1+Ua)
a
(172)Y, (174} and (175},

of the matrix formubtation terms previousty defined can be found.
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is now necessary to develop the element stiffness matrix anad load
vectors for a single elements. The implementation of this procedure
for the radtal and axial +sodels is performed by formulating
stiffness matrices for each ingividual element (XKBAR) and merging
the separate matrices into a totat stiffness matrix for the

appropriate radial or axial model,.

Assembly of the Global Stiffness Matrix-Radial Model--The
assembly of ingiviguai finite elements into a total model involves
careful accounting of the relative displacements or degrees of
freedom (DOF) of each element.s The radial model shown in Figure 24
has pairs of two triangular elements connected in series with
adaitional pairs of elements., The merge operation of forming the
global stiffness matrix from the element stiffness matrices consists
of matching components in the individual stiffness matrices that

involve common GLF from other eltements and then summing them.

tach individual etement has six OOFf or two displacements at
each of three corner nodes. 4 combined or global stiffness matrix
may c¢ontain severail hundred or thousand ©O00F. The individual
matrices as well as the total global matrix are symmetrics, bandeg
and positive definite. The bandwidth is defined by the maximum
number of JUF that interact with other DOF.

The fuel ana cladding are assumed to be in contact, and a
matrix for the total fyel-cladding system is formed by double-
number ing the DOF common to the two material regions. Figure 26
iilustrates the the final merged system and DOF numbering for ite

Figures 27 ana 28 illustrates how the element stiffness
componhents are assigned to the global stiffness matrixe Note that
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NODE NUMBER

8 / 9 10 1112 13
ELEMENT NUMBER

5,6 /34 9,10 13,1413,14 17,18

1/ 3 5 7
2 4 8 8

1,2\ 7,8 11,12 15,16 15,16 19,20
GLOBAL D.O.F. NUMBER

1 2 3 4 5

FUEL-CLAD COMBINED MODEL

Figure 26, Node and DOF numbering system for fuel-cladding
combined radial model.

/ 6

4 13
ELEMENT NUMBER
5,6 34
/ 34

34 56
| 5.6 / o 56
= 1 3
(%]

l«— CONTINUED

2 4
1,2
o 1,2 3,4 1,2 34
7.8 11,12
) ELEMENT D.O.F. NUMBER
GLOBAL D.O.F. NUMBER 3
1 2

FUEL OR CLAD SEPARATE MODEL

Figure 27. Node and DOF numbering system for fuel or
cladding separate radial model.
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“ELEMENT NO.

COMPONENT OF
ELEMENT STIFFNESS
MATRIX

441 442 445 446

Figure 28, Global stiffness matrix for the four elements in
Figure 27, global DOF numbers are along the
outside.
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node 1, for examples is shareo by elements 1 and 2. Therefores
some components from elements 1 and 2 will be present in the global
matrix in (glocal) DOCF 1 and 2. Similarly node & is shareo by
elements 1, 2» and 3 sc components fror these elements would bLe
expected to influerce {(global) DOF 3 and 4. The global stiffness
matrix for the four elements shown in Figure 27 }Js presented
schematically in Figure 28. An entry I is meant t¢ indicate the
Jk=th component of the element stiffness matrix for element I. The
diagonal components from contributing elements appear on the
giagonal of the gilotal matrix at the DUF those elements share. The
assignment of the off-aiagoral element components is more subtles
but in eavery <case the shared DOF can be observego to be properly
influenced by the contrituting elements; e«g.r OOF 4 has off=-
diayonal influence from elements ls 2» and 3 only. Also the global
stiffness matrix ¢an be observed to be banded and
symmetrics Because of the symmetrys onty the main diagonal and
either the upper or lower codiagonals neea be retained. This
greatly reduces the required computer core storage as comparec with

a square matrix of similar size.

Assembly of the Global Stiffness Matrix—Axial Model—-—The  basic
steps for calculating the element stiffness matrices used in the
axial model are identical to the steps used in the radial model.
Thne node ano DCOF numbering system for the axial model are shown in
Figure 29. There is a renumbering of CUF in case of «contact. The
axial DCF for the bHoundaries of that region are to move together

through the following procedure:

l. Let i anc ii be the two axial degrees of freedomr to be
locked. In the global stiffness matrixs row ii is added
to row is To preserve symmetryr, column i is adoed to

column ie.
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CLADDING

16 22
33
FUEL
5 10 15 5565354 21
16 31
51,52
16 14 32
6 30
13 29
4 37,38 35,36 2 14 43,44 41,42 20
1 27
33,34 39,40
12 10 28 \/ 26
2 29
9 25
3 25,26 23,24 8 13 31,32 29,30 19
7 23
n22 27,28
8 6 24 \ 22
24 28
5 21
2 9,10 7.8 4 12 19,20 17,18 18
3 19
56 15,16
a 2 2o>(1a
23 27
1 17
NODE NUMBER /
\1 1.2 34N g qq (0102 1314y 44

GLOBAL D.O.F. NUMBER
ELEMENT NUMBER

Figure 29. Node and DOF numbering system for fuel and
cladding combined axial model.
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2. Row and column §i are filled with zeros and a 1.0 is

inserted oh the diagonal at position (iisiile.

3. Load §ii is added to load i and Joad ii is fitled with
Zeros.

4. In the sclutions displacement i will be zero and
disptacment i will represent the axial displacement in DCGF

i and fis Arbitrarily set disptacement i through

disptacement |{,

This procedure has been shown to codlect all the proper influence
from contributing elements and consists of a series of simple

algebraic row and coltumn operations.

Application of Boundary Conditions~—The only boundary condition
in the modeés is zero axial displacement along the bottom.
Accordinglys the rows angd columns corresponading to those DOF are set
to zero in the global! matrixs the diagonal term is set to ones and
the corresponding Ioad is set to 2zere. This forces the proper

displacements to be zero.

formulation of the Load Vector—-—The last step in the
formulation of the problem is t¢ transform the right-hand side of
Equation (163) into a series of nodal loads {(vector f}.

The first 1oad vector term in Equation (163) makes use 0f the
[B) matrix to transform internal element initial strains into nodal

loads:
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ZﬂﬁB]T[C]{eO}rdrdG = {f}

volume thermal
plastic
creep {178)

for centroidal values» this becomes

—, =T
{f}thermal 2mrA[B) [C]{EO}
plastic
creep (179)
The external foad vectors, numernal » are developeg by inte—
grating the surface tractionss or pressuress and developing

equivalent nodal {oads

ﬁN]TTds = {f}
surface external (180)

Because of the geometry useds the external loads become
equivalent to line loads which are pressure driven, This leads to

Pressure Acting on
Element Face * Face Area #* Length of
{f}, = Total Length of Nodal Node Line (1)
‘external Line on Boundaries of
Element Face (2 Nodes) (181)

The same result is obtained as if the total force an the exterior
surface of tne element had been lumped at its exterior nodes. This

process of lumping is performed throughout the programs.
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>oelution Procedure-—Having formulated the global stiffness
matrax and the loadss the remaining step is to solve for
displacements and transiate these into element stresses and strainss

The soilution routine takes advantage of the banded symmetric nature
of the stiftness matrix.

Incrementation of $trains and Stresses—Incremental
etastic strains and stresses are added to the total strain array
after temperature convergence. Then creep/plastic strains are
calculated and fea through the entire chain of radial and axial
calculations to produce corrections to the stress and strain values.
Adtomatic subdivision of the time step size may be done within this
moael to restrict the creep increment size. The solution is based
on the concept that total strain can be described as

1 T %Felastic * E:creep M € thermal * Eplastic (182)

and that for any one incremental steps the strains and associated

foad vectors will be separated as followst?

= +
ET. 8elastic €thermal,
i i i
£ = £ , + £ 1 .
astic,
Tit1 elastic; ., P i+1
€ = £ . |
Ti+2 elast1ci+2 creep; ., 53

A A A ————— i . i —— i i M . Y - ——

a, The elastic stresses and strains for the i+l and i+2 stepss
cnange the elastic stress and strain distributions obtained as a
result of the imposed plastic or creep strains. The total strain at
the end of step will be a sum of ETH “€T1+A + Er7i4o with external
toads and thermal iocads from the cr{ incremeft and The plastic and

creep effects from the i+l and i+2 increments,
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The stress state can be computed at the conclusion of a given
time step or loaa step and the <corrections to the stress

gistribution is as follows:

Ibermal_+_Elastlic
{o}, = -

i [C]{ET} [C]{s}thermal
Lregp
ol = [eHeyd - pejfe)

creep

Rlastic
{c}i = [C]{eT} - [C]{a}plastic {184)

where the total strain and stress vectors for the current point in

time is a summation of the individual components,

= {e..} -
{etotal} ~, Ti {185)
n
Oorar? = ;;1 {o}, (186)
Anisatraopic Behavior——Anisotropy in plastic and creep
deformation has a significant effect on the resulting

deformations. The anisotropy model that is wused is based on
Hill'szﬁconcept of changing the deflnittion of the effective stress
and strain termss and in addition, changing the coefficients in the

Prandti-Reuss equations. The mogified Prandti=-Reuss equations
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allocate the inelastic strairn increment normal to the vield surface

as a function of the stress and strain.

The definition of the anisotropy parameters change as a
function of direction of testing. The equations for this
application are referenced to the axiai direction. This means that
anisotropic strain characterizations should be based on uniaxial-
axial material test results., A similiar set of equations c¢an be
developed for any of the other three directions,

For the isotropic cases the effective stress is given by

1 2 2 2.1/2
O, =7 [01170,5)" + (0570437 + (044370,,) ] t187)
where

1l 2 axial direction

2 = hocop direction

3 = radial direction.
The effective strain is given by

2.1/2
2
2 _ + (de.,~de 7]
P .=’r.2.— de. .~de,.)  + (de d€33) 13 %41

de 3 (381379 22 {188)

The Prandti—-Reuss equations are
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p . _
€ = 5 u 1/2 (0,5, + 05301
de
p . % _
dge, = G [0 = 12 (O + 053]
e
de
P P _
e T 5, (935 = /2 (g * )] (189)

For the case of anisotropy referenced to the axial direction,
the eftective stress is given Dy
1/2
SR 2, _R_ Co 4 R ©gy-0,))]
Je = [EiT O; = %" * Py ©22 " %3 Y w1 93370 (190)
where
Gahoo
R = EE———R— {obtained from a uniaxial axial test)
radial
dg
P = -Eéﬁiﬂi— (obtained from a uniaxial hoop test)
radial
6g = an increment of creep or plastic strain
The effective strain is given by
P 1 2
de = = - 2
e ¢ [a;(ayde, azde, )" + az(a3d€22-—ald533)
+ - 2,1/2
a3(ald€33 azdell) ] {191)
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nitere

_ R%+R+PR

P(R+1)2

The modified Prandtl—-Keuss flow equations are

d
33 "0 |P(*R) %33 T PRy Yoy — s O
e P(1+R) 722 ~ 1+R “11
d
def. = B [R(P+1) R R
22 o [P@®EMY %22 TP®IDY Y33 " my O
e (R+1) "33 R+l “n1
de
dEi = ——P [0’ R ol 1
l g T Ry1L %7 ¢

For the case vhere the material is isotropicr, R = 1s P = 1y and
Equations (190}, {191)» and (192) become equal to Equations (187},

{1338)s anag {1891},

Creep and Plasticity Equations--After the incremental elastic
stresses and strains have been found and the total stress and strain
arrays updated accordinglys incremental creep (generalized) strains
are calculated andg translated into foadss and thus, into stress-

strain increments via the same procedure used for thermal strains.
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An array of incremental strains |is calculated by dEE using
eitner a strain hardening or time—hardening option (See Figure 30},
The proccedure is very general in nature and does not requlre 2
closed solution explicit in strain. The solution for a strain
nardening calculation wuses a modified Newton—Raphson iteration

techniques

The modifiea Prandti-Reuss equations are used to develop

¢ 4)
— TIME HARDENING 2
=
= |  ————STRAIN HARDENING %
& 4
[Fs]
(a1
i
oS 03
=
Fo
L Oy
o
TIME

Figure 30. Comparison of strain hardening and time hardening
options available.
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initial strain vectors for each element [COJ. Using Equation (179},
3 set of of creep toad vectors are develored that, when applieoc to
the finite element structures, will cause it to deforme The computed
strains are the tctal strains caused by the increments of creep
strain. The corrections to the total stress state are found  wusing
tquation (184).

The creep equation wusea for zircaloy was developed by

Pede Pankaskie,

é = Af{l+a k exp (-k t}] exp(EAE) [(1-£(AT))

Sinh(Sl c) + [l-+f(&T)]sinh(SZU)]/2
(193}

where EAE is the effective activation energy consisting of the sum
of a high temperature thermal activiation energy terms TAE, and a
fast flux or dow temperature activation energy terms FAE, as

follows:

TAE = ~[C (1-£(AT)) + (D-0.038 G)  (14£(AT))]1/2 R T
FAE = 0.5 (E-F)  (1+£(&T))

¢ >0, E=n-1nd

¢ = 0, E = (C-0.0440) [1 - AT/(RT)]/(2RT )

AT < 0, £(AT) = -1

AT > 0, £(AT) = +1

149



o = 3310 (hr)

k = 0.0044 (hr"l)
A =59 x 10" (el
¢ = 63600.0 (cal/mole®K)
D = 9500. 0 (cal/mole’K)
F = 65.77
AT = TO—T, TO + 640, 0 exp(~7.18 x 10_?cr) (K)
n = 0,85
S, = 1.04x 10°% (psi”L
1 . ‘ psi )

~ -5 -
s, = 1.0 x 107 (psi L)

¢ = fast flux - nyt (El% 1 Mev)

0 = applied stress (psi)

Plasticity-——The calculation of plastic strains is based on

4sing the same initial strain method as is used for the creep

calcutation. The solution proceduresy however, is implemented in a

different manner and the criteria controlling the calculation are

significantiy altered.

The plasticity loop calculation is performed at the start of a

creep 1oope 1t is exercised when the stresses obtained from the
toac step have driven the stresses in one or

Just—-completed eifastic
stress. A test is made for each

more elements above the yield
element based on the temperature and generalizea straln in each

element for that time,

As an examplesr consicer the four—element c¢ladding mogel shown
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in Figure 27« For some loading conditionss the stresses for this
four-element model are shown in Figure 31. At the conclusion of the
Just—completed elastic stepsr the stresses are shown to be above the
yield stress curve. The stresses are then reduced back toc the
starting point shown by the stress conditions below the 1line. The
total |ocag step is then divided into substeps such that the first
sybstep Just brings the wmest plastic element Lo the yield
surface. At this points a second load substep Is taken that will
bring the second element to the yleld surface. At the completion
of this substeps a corrective plastic strain increment is computed
using the initial strain loac vector. The strain that is incurred
bty elerent 4 as it leaves the yield surface is considered as plastic
for both the pseudoc=-elastic and plastic portions. Thls procedure is

repeated until all four elements are plastic as is shown when

YIELD
STRESS

SS®C

(3

Figure 31. Elements 1, 2, 3 and 4 are plastic and are brought
back prior subplastic state,
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element 1 s Lbrought to the yield surface. A corrective plastic
load step s taken ang then the final portion of the original load
step can be taken driving all elements above the yield
surfaces This procedure is concluded with 3 final plastic Voad step

fto correct the stress back to the yield condition {(see Figure 321},

In actual practices the oscillation of the elements Lbelow the
yielg surface after a plastic corrective substep is ltess than 3.45
MPa out of 275«8 to 413,7 MPa. The actual spread between stresses
decreases as more plastic substers are taken and in the {imit,
elements 1 through 4 would be at the same stress at the conclusion
of the 1oad stet if the material were perfectly plastics The
plastic strain is accumulated for each of the substeps and provides
the basis for computing the plastic strain distributions through the

cladding wall.

At the conclusion of the load steps, all elements will have bteen
returned to a stress condition'on the yield curve or stightly below.
At this times a creep step is then taken in a normal manner
completing the lcaa and time steps Ffor each substeps, the solution
procedure wuses the chained radial and axial radial seguence to
compute the displacements.

The yield stress (see Figure 33) for 2zircaloy is calculated

from the following equation:

yiela stress = C(Co {164)
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Stress (MPa)

—ELASTIC
====PLASTIC

£

Figure 32.

The plastic strain taken by al .
ternat :
elastic steps y ing plastic

483

414

] |

344

0.0001 0.001 0.01 0.1

Strain

Yield stress versus strain used in GAPCON-3
calculations for temperature range 560 K to
644 K.

Figure 33,
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where

2 -5_3
12660.0 — 14665 T + 0,1378 T - 7.28x1C T

[ gl
L[]

-2 4 2 -7 .3
n = 1.75x10 ¢ 3.58x10° T - 7.638x10 T - 4.95x10 T
c = effective stress
T = temperature (K.

24443 AXISYM Loca) Strain Models, Local strain concentrations in
nuciear fuel rods are known to be potential sites for failure
initiation, Assessment of such strain concentrations requires a
two-dimensional analysis of stress and strain in both the fuel and
the cladding during peliet=-cladding mechanical interaction, To
provide this capabitity in the FRAPCON=-Z2 code, AXISYM» a finite
element model developed at INELs was modified to perform such an

analysis.

AXISYM uses constant strains axisymmetricsy triangular elements
and employs a standard finite element displacement formulation. The
model can accomocate temperature dependent material properties and
has full elastic-plastic creep capabilities. AXISYM has been
modified for pellet—ciadding mechanical interaction analysis by the
addition of fuel-cladding gap elements and special cladding boundary
consi{raints and provides for a detailed mechanical analysis for
examination of local strains.
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2«5 Fuel Rod Internal Gas Pressure Response

After the fue) rod temperature an¢ deformation calculations
have FEbeen completed; the pressure of the gas in the fuel rod is
computed. fo calculate the gas pressufes the temperature andg
vaolume o¢f the gas are required. The thermal models discussed in
Section 2,3 provige the temperature of the gas in the fuel rod
plenums fuel-ciadding gaps anog fuel voids. The deformation models
discussed in Section 2.4 vprovide information for computing the

valume of the fuel rod plenums fuel-cladding gaps and fuel voids.

The fuel roc internal gas pressure model is tased on the

following assumptions:

ls Perfect gas law holds (PV = NRT).

2« Gas pressiure is constant throughout the fuel rod.

3. Gas in the fuel cracks is at the average fuel temperature.

23«1 Fuel Kod Internaflt Gas Pressure. Fuel rod internal gas
pressure is computed from the perfect gas ilaw modified to permit

different volumes of gas at different temperatures as given by

5 (195)
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whnere

[ ] system pressure of gas (Pa)

N = moles of gas in fuel rog {(gm.mole}

R = universal gas constant {K.gm.mole)

v = the i=-th volume (mSJ

T a temperature of gas in the i-th volume (K}.

In FRAPCON=2,s the different volumes considered are dishs cracks
porositys, plenyms fuel-cladding gap and roughness volumes The
choice of mechanics optionss PELET or FRACAS, will resuit in the
total veoid volume being apportioned between fuel c¢racks andg fuel-
cladcing gap in cgifferent proportions,

Based on the above discussions the detailed gas law becomes

MR
s T, X m(x - r2) Az V Az Vv bz V. Az V Az
P + 2: cn fn n , ¢ ©n _ _por L dsh n + rf n
Tp n=l TG Tcr Tpor Td.E;h rrrf
L n (1%6)
where
P = internal fuel rod pressure {(Pa)
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cr

moles of gas in fuel rod (gm.mole)
universal gas constant {K.gm.mole)
plenum volume (m3)

axial npode number

temperature of gas in plenum (K)

number of axial nodes into which fuel

divicea for numerical solution

radius of inside surface of fuel at axial
(m)

radius of outside surface of fuel at axial
{r)

temperature of gas in fuel=-cladding gap at

node n (K]}

rog

node

is

n

rode n

axial

fuel rod length associated with axial node n (m)

fuel crack volume per unit length of node n

temperature of the crack volume {K}
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2
v = open porosity volume per unit length -of node n (m )

por
Tpor = temperature of nooge n porosity volume (K)

Vi o F dish volume per unit length of node n {(m%)

Tdsh = temperature of node n dish volume (K)

Vg = roughness volume per unit length of node n (m2)
Trf = temperature of node n roughness volume (K).

The gas pressure calculations therefores requires information
on the gas inventorys void volumes, and the void temperatures which

is provided by the following supportive models.

24942 Fission Gas Production. Given production rates for the major
diffusing gases, the burnup dependent total fission gas generated at
axial elevation 2z is cafculated as

BU(z) VF(z}
GPT(2) = =760 & krypton © Phelium * PR enon’

(197}

Wwhere

GPT(z) = total fission gas producted at 2 (gm.mole}

Butz)r = burnup at 2z {fissionfceg)
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VFiz) fuel volume {(cc)

A = Avogadro's Number

PR = fission gas production rate (atoms/l00 fissions)
for kryptons xenon, and helium; values of 4.5,

25+5» and 0.3, respectivelys are assumed.

Al the fission gas producedr however, is not releasec. A
portion is trapped in the fuel and a portion is released to the
fuel=-cladding gap volume. Only the released portion is used to
calculate the rod internal gas pressure. The gas release fraction
is calculated as discussed in the following sections.

24543 Fuel Rod Gas Release. Gas release mocdels in FRAPCON-2
account for not only fission gas release (kryptons xenon, and
heljum) but also nitrogen release. The nitrogen is released from
the fuel lattice where it is trapped during the- fuel fabrication
process., Fission gas release in FRAPCON-2 includes five model
options:s ANS-S.«;ZS Beyer-Hann:29 MacDonald-weisman;BO FAST-GRASS,
and GRASS.31 Each of these release models is discussed below.

2.9+3.1 ANS=-5.4 Gas Release Model-—The ANS-5.4 fractional
fission gas release is calculated {on a locat basis only) as a
function of time and fue! temperature and burnupe The fuel is
givided into radial and axial nodes according to the proposed ANS
standard. A user requirement is that the time step sizes be such
that the burnup increments do not exceed 2000 MWd/MTU.

The modeling is divided into two main sections, one for release
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of stable isotopes and the other for reltease of short-tived
isotopes. There are high ano low temperature modeis for Lotk the
stable " ang radicactive fission products. The release is calculated
using baoth the nigh and Jtow temperature modelsr, and the ltarger

release value is useq.

The stable fission gas (high temperature model) cumulative
total release fraction for a fuel volume after time step K s

definea as

K-1
F_=1- - !
K llz=l [B; (7485 = Tya18340) /050 * BK&tKng /Z B,At, *
(198}
with
K
T. = % D' At
i j£=:1 i h| {199)
g, =g(r,) =1 - 4&4Jt./7m + 31, <
1 i 1/ 11/2 for T, < 0.1 (200}
3 2 2
- _ 1 6 . exp(-n T T
Si S(Ti) 15'r'i - ?i 2. p: : Tl)) for Ti > 0.1
‘ n'y (201)
[(D /a } exp (- Q/RT 3] x lOOBu /28000
(202)
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where

Bu =

tquation (198)

local cummulative fractional gas release through
time step K

local fission gas production rate during the i-th

time step

length of i=th time step (s)

72,300 (cal/mole)

1.987 (cal/mole.K)

temperature during the i-th time step (K)

accumulated local burnup (MWd/MTUY at the midpoint
of the i~th time step

Debl (5}

current time step.

is rewritten in the code as
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K B. (
2 \y i T Ti+1gi+l))

FK = l - l=2 i

K

) B, At

T2y it (203)
with
TK+1 = 8gyp T 0 (204)

The low temperature mocgel for the stable fission gas release is

dependent only on fuel burnups. The fractional fission gas release

is
F= 1 =7

x 10 ' By (205}
Where

Bu = rod average accumulated burnup (MWd/MTU).

The high temperature mogel for radioactive fission gas release
assumes that power and temperature have remained <constant for
several haif-lives. The fractional release is a function of time
and fuel temperature and burnup, and is also dependent on half-life.
The release fraction for isotope i is
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= 3 1
F, = -
i l—exp(—uiri) [/-DI [erf G/LliTi) -2 y'ui'l'i? Texp (-—ui'[i)]
]_ - -
) (l+ui'ri) exp( ui'ri).] .
. or T, < 0.1
Hi i~ (206)
and
, 6y, 3 1- —n%rlr )
Fi=[j‘/i— coth (/ﬁ;)-i_]_ e_"(_'l—)'T exp(n'rrTi)
i . X LT, ) -
i i P, T, 21 02 (ol )
(207}
for . > 0,1
1
Wwith
., = A./D’
g = A/ (208)
T, = D'
i t 1209)
where
Ai = decay constant for isotope i (1/s5)
t = total accumulated irradiation time {(s)
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D = ((U 72a2) exp (-Q/RT)1 x 100(Bu/2800)
Q

erf = error function
Bu = total accumulated burnup {(MwWd/MTU)
T = temperature (XK) for previous four half-lives.

The low temperature racioactive fission gas release for isotope

i is defined by

F.o= (1/2, RS -
i l) [1x 10 vxi + 2 x 10 12 3 (210)

where

specific power {(Mwd/NMTU)

o
]

e
I

decay constant for isctope i (1/s5).

2e52342 Beyer—-Hann Gas Release Model-=-The PBeyer~Hann gas
release model is an empirical correlation based on carefully
selected gata sets wherein maximum fuel temperatﬁres were measured
or could be estimated, Reference 28 discusses the development of
the basic models which identifies discreet constant release rates
from three different temperature zZones in the fuel. The temperature
boundaries of these zones and their assigned release rates are shown
in Table 3. The release rates were assigned from a statistical
correlation of results from seven well-gualified irradiation tests,

plus agreement with microcoring results on irradiated fuel pellets.
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TABLE 3. ASSIGNED TEMPRATURE BCUNDARIES AND RELEASE FRACTICNG

Region Temperature Bounds (k) Release Fraction
1 1473 to 1673 Ce G50
2 1673 to 1973 0. 141
3 1973 to 3073 C.807
In addition tc the high-temperature gas release indicated in
Tavle 3, a low~temperature gas reltease rate has been addeds which

has Leen simplifiea from the originat formulation in Reference 29,
The tow temperature release rate is a simple tinear function of tuel

burnup, reaching a maximum of 1.,0% at 20,000 Mwd/MTU.

Finallys the NEC-recomrended gas release ennhancement factor
for hign burnup fuel {greater than 20,000 MwWd/MTU} has Leen added as

an cptione. This corretation takes the form

=F ..+ Q-F . )Y
Foorr ~ Told old (211)

where

F = uncorrectec fractional release rate
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F = corrected fractional release rate.
CcOorr

The function Y has the form

1 - exp A (Bu — 20,000)

¥ =
1+ B{Fold exp C(Bu - 20,000) (212)

where As 8+ and € zre constants and have the values

-5
A = ‘!QBleo

B = 0.665

c = 1.167x10°

A convention ceveloped by Soulhier and Notley32 is used in the
application of the Beyer—-Hann models, As burnup proceedsr the
identity of the time step in which the dtast highest release fraction
was attained must be maintained. If the current release fraction
is greater than the last thighest vatues, then the total current
inventory is released at the current (all-time high) rate. 1If this
is not the <case, then only the inventory produced since the
attainment of the tast higher release value is available for

release.

2+54343 MacDonatd-Weisman Gas Release Model-—-The MacDonalad-
Wweisman fission gas release model considers the release determined
by escape of gas from the fuel matrix and release of trapped gas
from grain boundsries or dislocationss The model presented in

1
Reference 19 is repeated here. If Kk represents the portion ¢f
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fission gas that escapes without beiny trappeds then

dni = klpdt
(213)
where
dni = gas reteased cirectly in time dt {moles)
dt = the time increment (s
p = the gas production rate {(moles/s).

If the probability of trapped particle release per unit time is K»
and the number of mcles trapped is {» then the trapped moles
released in dt is dn, = k C dt. Only a fraction, kl’ of the gas
released from traps reaches the surfacey thus the total gas reileased

is dan = kl kK ¢ dt + kl p dt.

If C is replaced by (pt ~ nd)s and integration is performeds one

obtains
1l - kl

k'k (214)

At constant powers, thke total fractional release is

1 - exp{-Kt)
Kt (215)

F=n/(pt) =1~ (1 - kD)

where K = klk. The constantss, k and k » have been evaluated from
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data as functions of fuel temperature and density in the form

A exp (-B/T - Cd + D) {216)
where

i = fue] temperature (K)

d = fued density {percent of theoretical density}

1 .
and for Kk and k » respectively:
A = Q25 100

1159{100! 691607

w
]

C = 0«0, 043313

D = OOC" 33.95.

The preceding formulation is5 extended to variatle power time
histories by assuming reactcr operation is described by a series of
constant power stepss The number of moles releaseds ny during the

i-th interval is then
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. 1 - k!
. = - = _ 1
n. ni ni-l Pi ﬂti % [1 - exp(—Ki At.)]
i 1
0y [ - exp(k; At)] {217)
The first terms represert the vrelease during t bhad the

initial concentration been 2zero. The tast term is additional
release due to previcusly produced gas. Since the total release
from time zero is n, the fraction of total g¢as produced which s
released is

m "m \
F = 2 :&n E ; p. At j
- A i i

i-i il (218)

This fraction is used aleng with the total gas production (see

Section 2+5.2) to obtain the gas inventory.

2.54344 GRASS and FAST-GRASS Gas Release Models——GRASS is a
highly mechanistic gas retease model which accounts for Gbubble
formations migration, coalescence, channeling and eventual
release. The model wWwas developea at Argonne National Lg?oratory
(ANL} and 1i1s cescribed in documentation provided by ANL. FAST/
GRASS is an abbreviated version of GRASS which was designed to run

more efficientiy.

2454 Nitrogen kRelease. The release of nitrogen initiatly present

in fuel material from fabrication occurs as a result of a diffusion

33

transport mechanisme. The model proposed by Booth is used, glven
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the following assumptionss

1, The initial concentration of diffusing substances C» s

uniform throughout a sphere of radiuss, a.

e Transport of material does not occur from the external
phase {gaseous nitrogen) back into the initial carrier

mediuma

The governing equation is

2
r ¢ _ D 3 (Cr)

3t 9.2 (219)
where
r = radial location {m}
C z concentration of diffusing substance
t = time {s)
D = diffusion coefficient
Wwith
C = U.0 when r = 3
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C when t = Q.

L]
N

By appiying a series solution methods the fractional release of
the diffusing substance (nitrogen) can be approximated based on the

value of &

B=n2D, (Tt
N2 {z20)
where
DN (1) = temperature dependent oiffusion coefficient for
2 nitrogen
t = time from the start of diffusion (s).

Thens when B > 1ls the fraction of nitrogen released as of times ts

equals

FN =1-6 exp(—B/nz)
2 (221)

and, when B < 1,

Fy =6 [D (T)e/w} 0.5 . 3D (T)t.
2 %2 2 (222}
. . 34,35
From the experimental data of Ferrari
: -12
Dg (&) = (1 x10 ") exp(C)
2 (223}
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nhere

1.0 _ 1.0,
1673.0 T

G = 20202.0 ¢ (224)

2.5.5 Fuyel Rod Void Volumes. Void volumes computed by FRAPCON=-2
include the pedlet dishings the fuel=-¢cltadding gaps the volumre cracks
tne pienums the open porositys and the roughness volume. These are

calcuiated as indicated below,

2+5s5.1 Pellet Dish Volume-—The volume between pellets is
calculateg and ingluded as part of the overall volume in the
internal gas pressure model, The interpellet volume is calculated
at each time step ss the difference between the cotd-pellet and hot-

pellet geometries.

Figure 34 shows {(a} & colo-pellet interface conflguration and
(o) an exaggeratea hot-pellet interface configuration. The void
volume available for internal fjll gas is defined by the ¢ross

hatched areas {A and B in the figurele.

2:9+542 Fuel-Cladding Gap Volume——=The fuel-cladding gap volume
is calculated by <considering the area between two concentric
¢cylinders, The outer cylinder is assumed to have a diameter equal
to the diameter of the clagding inside surface based on plastic
deformation. The inside cylinder is assumed t¢ have a diameter
equal to the diameter of the relocated fuel pellet.

2e9e543 Fuel Crack Volume-~=As the fuel expandss extensive
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(A) Cold peliet interface |

///////////m ’///////////////”’ "’”’///////// (B) Hot pellet interface

Ly

INEL-A-2184

Figure 34, Dish void volume.

cracking occurs due to the high thermally-induced stresses resufbting
in a relocated fuel surface. IF FRACAS is used, this crack volume
is computed as

¢ eg IX 8 (225)
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where

€g

TX

Howevers

. 2z
fuel crack volume per unit length (m )

fuel volume per unit length defined by expanded

radial nodes including thermal expansions, swelling,

2
and densification (m )

the computed fuel=cladding gap votltume per
length based on the relocatea fuel surface [m

unit

the volume per wunit dength within the thermaily

expanded cladding (mzl.

if PELET is the option being executeds, the

volume is calculated as

vcr = Vrf
where
v
cr
Vefs
VFF

s VFF/100.0

fuel crack volume per unit length tm2)

fuel volume {contained within the relocated

surface) per unit length (m?2)

void fraction within fuel (Z}.
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2e5e¢5.4 Plenum Volume—=The plenum volume is calculated from
geometry considerations of the thermally expanded cladding and the
thermad expansions censifications, and swelling of the fuel. The

volume of the hold-down spriny is considered.

2e54%.5 Upen Porosity Volume-—A portion of the initial
fabrication porosity is open to free gas flow which is given by the

expressions

v = 0.0 when G > 94.0
n en--

por d (227)
= < -8 - <G < 94,0
Voor = 1.97 x 1077 (94.0 - G4 ) when 91.25 < Gy, (228)
v =277 x 1074~ 3.818 ¢
por den
- 1.43 x 10“8 G2 + 2.497 x 10_10 G3 when G < 91,25 (229)
- den ' den den )
where
1 = perosity volume per unit tength (m2}
por
Gden = DEN - 1025
DEN = fuel density (percent of theoretical density).

2+54546 Roughness Volume--The roughness of the surface of the

fuel and cladding result in a small void volume accounted for by
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rough - Vf ? (230)
where

Vrouyl = roughness volume per unit length (mzl

Up = initial peliet diameter {(m)

vf = geometric fuel voliume per unitt length tm?2)

The gas pressiufe response resubtting from the above models feeds
back into the mechanicai and temperature response models in the

iteration scheme.

2.6 Fuel Rod Failure Models

A set of models has been developed for FRAPCON-2 to predict the
probability of failure of zircaloy c¢ladding under a variety of
steady state and¢ transient conditions.s Coliectivelys these models
form the FRAIL-% (LEAP JLntegrity Limit) package. This package
interfaces only with the FRACAS-] mechanics option.

Each model has the capability of predicting a different mode of
zircaloy fuel rod cladding failure. Probabilities of failure are
calculated for each fajlure mode, then appropriately combined to
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yield a net probability of failure for the fuel rod cladding. The
faiture models <considered by FRAIL-5 are cladding melt, eutectic
melt, excess oxides excess batloonings cladding collapse,
overs{ress, <crack growth, overstrain, fatigue, stress-rupture and
flow blockage. Not all of the failure models in FRAIL~5 are
applicable to steaay state. O0Only the steady state failure models

are discussed belows.

2e6el Model for Cladcing Melts The cladding meft model predicts
¢ladding failure whenever the MATPRC wmelt temperature cr a meit
temperature supplied by the user is exceededs The probability for
failure is set to one when this condition exists.

2e6.2 Model for futectic Melts The cladding eutectic melt model
predicts cladading failure when (JCU0L/2 + TCLAD)/ L5 > 1233 K where
TCUdL is the coolant temperature and TCLAD is the average clad
temperature (Ki}. The probability for failure is set to one when

this condition exists.

2643 Model for Excess Oxide. If the thickness of the cladaing
oxide layer is greater than 17% of the original <cladding wall
thickness, failure of the cladding is assumed to occur. If the
oxide layer thickness is Jless than 17X of the original wali

thicknessy the probatility for failure is assumed to be zero.

Zs+sba% Model for Overstress. The assumptions in the overstress

failure model ares

1. Uverstress failure must be maodeled using ftrue hoop stress.
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2. The true hoop stress at failure is a function of

temperatures cold work and fast neutron fluence.

3. The cladding <cross section is circulars although the
inside and outsige sufrfaces are net necessarily

concentrice.

G The cladding axial radius of curvature is infinite.

5 Watt thinning is the primary deformatin that causes anr an

increase in true stresse.

& The c¢ladding is incompressible.

The overstress model uses the cladding mechanical limits model
described in Reference 3. This model wuses a correlation between
circumferential temperature variation (for which the overstress
madel assumes a 50 K variation} and <circumferential strain to
compute Jocal wall thinning. The local wall thinning is then used
to convert the true burst stress to an effective true burst stress
for idealized symmetric deformation. The overstress madel compares
this with the effective true hoop stress from the current time step
which is computed by

G. = HSTRESS * (1 + HSTRAN)/(1 + STRANR)
i {231)
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where

HSTRESS = the engéneering hoop stress (MPa)
HSTRAN = the hoop strain {MPa)
STRANK = the radial strain (MPal.

For the purpose of the FRAIL=5 subcodes the probability of
failure as a function of stress and temperature is needed. This is
obtained by assuming a distribution of failure stress about the mean

faiture stress.

The beta gistribution function was found te be most
representative of the faiture stress data. The beta distritution is
limited to a ftinite interval and may be adjusted to include all
avaitable data. For a given temperatures values of stress which lie
above the aefinec interval result in failure (probability of one):
while values which faill below the interval result in no failure
(probability of zero). Because the beta distribution is defined
only on the interval O to 1» it is necessary to normalize both the
failure stress and the standard deviation of the failure stress to
this intervai. By 3 simple variable tranformations, the normalized
failure stress is found from the expression

G._ -8B
OgF

X 7 "7-B (232)
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where

rormalized faiture stress {MPal,

x|
"

and B and T define the interval of available failure stress
datas, This interval was <chosen to ©te three standard deviations
apove ang two standard cdeviations below the mean failure stress, so
that for a given temperatures the avaitable test data are includea

in the interval.

The normalizea standard deviation is found from the equation

3 x st
= t =
8 5 = TR
g a
OF {2331}
where
s' = ncrmaljzed standard oceviation; that is» standarg
deviation of x
s = standargd deviation of EB

F -

The cumulative beta distributions obtained by integration of
the frequency gistritution function, is wused toc determine the

probability of Failure as a function of stress and temperatures.

24645 Model for Crack Growth. The well-known phenomenon of stress
corrosion cracking (SCC} is an important contributor to stress
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rupture and is considered in this failure models A tjterature
search for quantitative data explaining the SCC phenomeron has
resulted in only two data sets which <c¢an be used in model

37, 38
development.

All other literature was of a quatitative nature,
Two quantitative papers used a fracture mechanics approach te
explain the SCC phenomenon. This section briefily explains the
fracture mechanics approach. Adaptations were made to the method to
assure compatabifity with FRAIL-5., The adaptations are also

presented.,

References 36 and 37 state that the SC{ phenomencn can be

described by the crack growth equation

cdl_: B CK; (234)
where

KI = stress intensity factor

C = material constant (m/s)

a = crack length {m)

t = time (s).

Heres the crack length is measured through the <cladding walte The
axial and tangential components of crack length are not considered
by Equation (234),.
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The stress intensity factors K » may be found from the equation

Kp = 0¥ /a (235)
where

g = applied tensile hoop stress {(MPa)

Y = fracture mechanics flaw geometry factor.

The materisal constanty Cs in Egquation {234) was found to be
dependent an temperature and iodine concentration. The

experimentally determinea correlation for C was found to be

c=1.32 x 107 13/4 =33300

2 exp (——ET) {236)
where
12 = icdine concentration {mg/dm)
T = temperature (K}
R = gas constant (cal/mol.K}.

For a given temperature and iodine concentration there is a
critical stress intensity factor, KISCC’ below which SCC wWill not
occur. This implies that there exists a threshold stress below
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which SCC will not oceur. This threshold stress is given by

~ Resee

0t:hreshold ; v Va2 (237}

This threshold stress may also be found from the following empirical
relationship

(2710 - 3T) 12'3/16

o =
threshold v /i (238)

where all variables are as previously defineg.

Knowing the <crack velocity given by Equation (234)s the crack
{ength can be determined at any point in time. This crack length
may then be compared to the critical «crack length in order to
determine if the fuel rod has faileds The gritical crack length s
defined as the c¢ritical depth necessary to cause instantaneous

failure by stress rupture.

All variables necessary to calculate the crack tength are wmade
available to FRAIL-5 from MATPRO and the FRAPCON-2 code, with the
exception of a» the initial crack depths and Yy the flaw geometry
factor. Until a more exact determination of these variables can be
mades the following values are assumed. The initial flaw in the
cladding is assumed to be a pit—-shaped flawy, 12.7 mm in depth. For
pitss Y = 1.29. These values of Y and a were found wmost
frequently in the lot of stress-relieved tubing wused in the
experiments described in References 36 and 37.
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The critical <c¢rack length may be found» as suggested in

References 36 and 37 from the expression

a
£ _ 1.9
w T o (239)
8
where
a = critical crack length (m)
C
W = cladding thickness (m)
o = applied hoop stress (MPa)
Op = burst strength (MPa).

Because the frequency distribution function of the burst
strength is knawns» the frequency distribution of aclw may be
calculateds By knowing the probability frequency distribution of
ac; it is possible to obtain a probability of failure due to 5CC
from a knowledge ot the calculated crack lengthe.

2ebsb Model for Cverstraine. The assumptions used in the overstrain
failure model are

i. The mean failure strain can be correlated with temperature
by least—squares fitting to the fallure strain data bases

2 The distribution of the failure strain about the mean
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failure strain can be approximated by a beta probability
distribution,

3. The failure strain is not a function of the hydrogens

oxygens cesiums or iodine content of the cladding.

The overstrain failure model calculates the probability of
failure as a function of strain and temperatures The strain at
failure is assumed to be distributed according to the beta
distribution. The wupper and lower Jlimits are set at +2 and =2
standard deviations, respectively, from the mean failure
strain. The standarc deviation is 16%Z of the mean failure strain.

The mean faijlure strain as a function of temperature is
obtained from the cladding strain at rupture model described in
Referelce 37, The effects of cold work and irradlation level are

taken into account

2.7 Uncertainty Analysis Option

An uncertainty analysis option has been developed for FRAPCON-Z
s0 that a wuser may easily obtain estimates of the uncertainty in
calculated code outputs. The aption has specifically been designed
so that the user may perform an uncertainty analysis on a FRAPCDON-2
case in a understandable and systematic manner, The option further
provides for a sequential development of analysis compltexity by
allowing the wuser to restart and continue an analysis from
intermediate points. One goal of the option is to provide to altl
users a straightforward technique based on sound methodology for
estimating code uncertainties.
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2«7+1 Uncertainty Hethodologye. The uncertainty analysis option is
based on the response surface method. Any of the output variables
of a computer code may be termed a response. There s some
functicnal refationship between a response and the input varlables.
in the space of the input variabless this relationship defines a
surfacer and hence the term response surface. When the —code is
rather simples this surface may be determined analytically over the
entire range of the input values. More oftens as in the case of
FRAPCON-2s the surface may be known onily through the codesr as the
range of inputs ana problem types is very large. Thus, the complete
true response surface cannot be determined anatytically. The
response surface method of uncertainty analysis is based on a
systematic sampling of the true surface which is then approximated
by a polynomial equation in the independent ({input) variables. In

effect, the true surface is approximated by a smooth surface.39

The polynomial equation approximating the true surface is
derived as follonwss Let thi ) denote the code response as a

function of x;, = X;9Kos e s 4 92X inputs. The Tavlors series

K
expansion about any point is then given by
X 3Y (u,) 2
Y(x,) = Y(u,) + 3 i K 97Y()
i - (x, - + i
| 17 W) L2 _,21 i AR L
i= i

2
]
+ 2: Y(Hi) :
i,j 3xi'c}x xj_ - Ui) (xj - UJ) + higher order terms

s hj
<
<] (240)

Truncating the Taylors series at second order termss the
desired polynomial equation is obtained by identifying the
coefficients of the polynomial with the partial derivatives of the
series expansion. The coefficients are estimated from sample vailues
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of the true response surface obtained by perturbing the nominal
inputss For a secondg order polynomial to reasonabty approximate the
true surfaces the region of the surface being sampled must be small
enough so that larye irregularities are not present. Experience has
shown that a range of plus and minus one standard deviation (z1lco) in
the input variable wuncertainties will usually satisfy this
requirement for FRAPCLON-2.

The polynomial approximation to the true response surface mayw
be useo to examine the behavior of the true surface in the region of
the sample space without the burden of excessive cost. In
particulars the polynomial can be used to study the propagation of
errors through the code and their effect on the uncertainty in
computed outputs. Thuss an estimate of response uncertainty and the
relative contributions of input variables to this certainty may be

obtained using the response surface method.

Cnce the user has selected a base case problem and made a
choice of output responses and input variabliesy, the following
procedures will be followed by the code to obtain the desired final
resultss the estimates of response uncertaintiese.

l. An  experimental design will be chosen. This is simply a
pattern for perturbing the independent variables of the
cases The vpattern is obtained in matrix format where the
columns correspond to inputs and the rows correspond to
the individual analysis that must be performed. The case
is run as many times as the design dictates, each time
varying the input variable perturbations according to the
pattern,
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2. The response surface equations are then generated at each
FRAPCON—-2 time step wusing the information derived from
step one. Basicallyy a myltiple regression routine wused
with certain simplifications arising from the orthogonal

properties of the experimental designe.

3. The response surface equations are wused to generate
uncertainty distributions for the response parameters.
Second order error propagation analysis {is wused to

estimate the means and variances of the responses.

44 Finallys estimates of the fracticenal contributions to the
response variances are made to indicate the relative

importance of individual input variables.

2.7+.2 Uncertainty Application. The uncertainty analysis option in
FRAPCON=-2 is essentially identical to that in FRAP-TSaO. The only
difference Jlies in expanhded input and response lists that reflect
the differences in the two codes. The wuser s referred to
Reference 41 for detailed discussions of the development and
assessment of the method. The purpose of this section is to suggest
possible use of the option and specific limitations of the method of

which the user should be aware.

Obviousiys the most important feature of the option is the
ability to determine the wuncertainty in code outputs that resuit
from propagating uncertainties Iin inputs through the codee. Equally
important for cocde aevelopment, howevers is the ability to determine
the relative contributions to the overall uncertainty of each input
variable. This <can lead to studies on the need for specific code
development or experimental programs. For example, if it is found
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that fuel thermal conductivity uncertainty contributes 80%Z of the
uncertainty in ctadding temperature but fuel Poisscn's ratio
contfributes Jless than 1%, then future work shouid be directed at
refining the uncertainty in fuel thermal! conductivity.

Another wuse of the option is a traditional sensitivity
analysis. Here the user should be aware that the interpretsation of
the perturbations that define the experimental design as one
standard deviation is not made until the very {1ast step of the
analysis. At that point the interpretation is necessary in order to
infer information about the uncertainty distribution of the output
responses. If the user is willing to forego this inferences then
the perturbations making up the experimental design can in fact be
arbitrary. If, for examples the wuser wishes to study the
sensitivity of a particular response to 10% deviations in a family
of input variabtess this analysis is entirely possible. The output
coefficients of the response equation c¢an be interpreted as
sensitivity coefficients given in units comparable to the responses.
The coefficients <¢an be ranked by absclute magnitude and this
ranking represents the sensitivity of the response to each
inpute Thus tracgitional sensitivity studies may easily be executed.

Occasionallys the user must be prepared to question the
validity of results produced by the option. The estimates of
response uncertainty are based on approximations (the response
surface equations) to the true code output. The accuracy of these
estimates therefore depends directly on the degree to which the
equations really do approximate the true code output. An often
uysed method to evaluate this is to examine the distribution of
residuals formed by taking the differences between the code
predictions and the response surface equations. At present, the
code fits a full mode! equation to the data, resulting In very smals
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residuals, The best method is to examine residuals from data not
used to fit the equations. This entails generating more computer
data. Howevers, the nominal case is always run and onily wused in
equation fitting for quadratic analyses. The wuser is therefore
advised to compare the nominal case with the response equations. If
the true <code output is actualdy iinears the mean will equal the
nominals The difference between the two may be taken as some
measure of the quality of the ilinear response equation

approximation.

3. GENERAL CODE DESCRIPTIGN

3.1 Code Structure and Solution Routine

FRAPCON-2 is a large and compliex code that contains over 200
subroutines. The hierarchy of subroutines» their function and their
interrefation are discussed in detail in Appendix (. This section
discusses the code structure, solution scheme and the major

subroutines involved in the solution scheme.

3.1.1 Code Structure. The FRAPCON=2 subroutines have been grouped
in packagesr, not all of which need to be compiled for every
run. These packages are Jlisted in Table 4., Note that every
execution redquires the FRPCON package and the MATPRO package; the
former contains the driver routine, the setup routines, and the
thermal models. Using only these two packages restricts one to the
FRACAS-I mechanical modeling option and precludes selection of the
GRASS or FAST-GRASS fission gas release models.

The other packages listed in Table 4 correspond to the models
of the same name discussed in Section 2.
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TABLE 4.

MAJCR FRAPCON=-2 PACKAGES

Package

FRPCCN

FRACAS-II

PELET

AXISYM

MATPRO

GRASS

FAST-GRASS

Lescription

The main section of the cocer itncluding ali of the
thermal models; also includes the uncertainty
analysis routines, the FRAIL <cladding failure
models and the FRACAS-] wechanics wsocdel.

Contains the subroutines comprising the FRACAS-I]
deformable pellet mechanics model.

Contains 3l} of the subroutines that comprise the
PELET/RADLAL mechanics model.

Contains the subroutines comprising the detailed
finite element mechanics model .

The MATPRO material properties package.

Contains the subroutines which comprise the GRASS

fission gas relesse moael.

Contains the subroutines which comprise the FAST
GRASS fission gas release model.
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3.1.2 Solution Scheme. Figure 35 shows a flowchart of FRAPCON-2
beginning with case setupsy following through the convergence loops
and ending with output. Each major section of this seguence wWill
be discusseds together with the subroutines involved. To aitd this
discussion, Figure 36 presents an abbreviated outiine of the main
subprograms FRPCGN, arranged in the same order as the flow-
chart. Major sutbroutines appear in the figure as do the major
FORTRAN {oops.

The first portion of the flowchart has to do with case setup
and initialization. This incitudes reading the input data, the
dynamic dimensioning procedures initializing wvariablesy and an
initial problem description output. The subroutines listed in Table
5 are involved in the setup and initialization.

Next» the code enters the first of four major loops in the
FORTRAN codings the Time Step Loop. The Time Step Loop encompasses
virtuaily all of the remainder of the FRAPCON=-2 code. In each
execution of the Time Step Loops the code solves for the thermal and
mechanicalt equilibrium of the fuel rod at a new paint along the rod
power versus time history input bty the wuser. Those subroutines
which are executed only once per time step are listed in Table 6.

Three additional loops exist in the code. The next loop
encountered within the Time Step Loop is the Gas Releae Loop. This
loop is cycled wuntil the value for calculated rod internal gas
pressure (dependent on temperature, volume, and fission gas release)
converges., Subroutines called from within this loop are listed in
Table 7.

The next inner loop in the coding is the Axia! Node Loop. For
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TABLE 5+ INITIALIZATION SUBRGUTINES

Subroutine Description
SETUP Keads the gata input pertaining to the problem size

requirements.

POINTR Performs the dynamic dimensioning procedure.

INITAL Reads the remaining problem description input and
initializes the variables.

PRINT] Generates the output reflecting the initial
conditions and speciflcations of the fuel rod ancg
lists the proposed power history.

AXHEF Calgculates the axial power profile as it affects
the axial regions of the Ffuel rod and also any
varying axial power profile changes.
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TAELE 6. SUBRCUTINES IN THE TIME STEP LCCP

Subroutine Description

STCRE Stores variable values as necessary to account for
history gependency.

PRINT2 Generates output for the code that preserts
converged values for a$l of the axial nodes for
both thermal and mechanical solutions.

FAILUR A package of subroutines which calculate the
probability of cladding failure based on an
anatysis of the FRACAS-] generated cladding

conditions.,

CCREEP The c¢ladding creep portion of the FRACAS mechanics
model.,
CALLGR Calis the GRASS or FAST-GRASS fission gas relesse

packages.
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TABLE 7.

SUBRCUTINES IN THE GAS RELEASE LCGOP

Subroutine

RADIAL

FRACAS

FELET

PLNT

GSPRES

Description

If the PELET mechanical package is used, RADIAL is
called to calculate the fuel thermal conductivity
degradation factors, the effective gap sizes the
fuel claddirg interface pressures and the effective
elastic moaulus of the cracked fuel in each axial

region.

The FRACAS=-] and FRACAS—-I] fuel-cladaing mechanical
response models are both controlled by this
subroutine. This loop caleculates the time

independent permanent deformation.

The <chained axial-radiagl finite element model that

calculates the cladding mechanical resgonse.

Calculates the current plenum gas temperature ang
volume.

Calculates the rod internal gas pressure.

197



every pass through the Gas Release Loop» the Axial Noge Loap
sequences through each of the axial regions definec by the
inpute The subroutines controlled by this 1locop are listed in

Taple B,

The 1npnermost loop is the Gap Conductance Loop. This |loop
iterates on each axial node until thermal equilibrium in the radial
direction is achieved. Thermal equilibrium is signified by a
converyed value for the calculated temperature drop from the fuel
outer surface to the cladding inner surface. The subroutines listed

in Table 9 comprise the Gap Conductance Loop.

At the completion of all the time stepss and before returning
to the ariver packages a final call to PRINT2 is mades This calil
resuftts in the printing of a summary table for the entire power

history of the rod.

3.2 Lode Results

FRAPCON-2 generates fuel rod response information as a function
of fuel rod fabrication informaticons boundary conditionss and power
history. This information is provided to the Jser in the form of
printea output anc in the form of plots (opticonall). The capability
also exists to suppily this information for steady state
initialization of the FRAP-T5 or FRAP-Té computer codes. The
information proviced to the transient fuel rod analysis code
consists of permanent burnup effects such as cladding creepdowns
fuel swellings fuel censification ang fission gas inventory. This
section presents the important response parameterss the plotting
package and information on the FRAPCON link with FRAP=T.
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TABLE 8. SUBRCUTINES [N THE AXxPAL NODE LGCP

subroautine Cescription
BURNUP Calcutates the local fuel burnup.
GASPRO Calculates the fission gas productione.
CoaLy Catculates the coclant temperature.
FLMDRP Calculates the temperature drop from the ctadaging

surface to the coolant.
CLRROS Calculates the carrosion on the cladding surface.,

CLADRP Calcudates the temperature drof frem the c¢ladaing

inside surface to the cladding outsige surface.

FLUXD Calculates the radial flux ogepression.
KEPACK kelocation nodel for the FRACAS mechanics models.
VOLUME Calculates the voids fuel» and cladging volumes

present in the rod.

FGASRE McLConald-weisman and Booth Diffusion fission gas

release madels.
ANSS 4 ANS-5.4 fission gas release model.

GASREL Beyer—Hann fissicn gas release mogel.
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TABLE 9.

SUBRCUTINES IN THE GAP CCNDUCTANCE LCCGP

sutroutine

TMPSUB

COLF

FEXPAN

SWELL

FRACAS

NEWGAP

CONDUC

Description

Calculates the radial terperature distribution
through the fuel.

Sotves the equations for the radial heat balance.

Fuel thermal expansion routine.

Calculates fuel swelling and fuel censification.

I1f the FRACAS rmrechanics models are wuseds, this
subroutine calculates the new position of the
¢l aading Que to cgeflection caused by internal gas

pressure changese.

Calculates the new fuel-clagdihg gap size (used
with the FRACAS mechanics models oniyl.

Calculates new values for the gap conductance anc
the fuel~cladding gap temperature drope.
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3.2.1 Fuel Rod Response. FRAPCON-2 provides +the calculated fuel
rod thermal, mechanical and pressure response Jatae. The results
are presented in tnree formst an axlal regzion printout, a power—

time step printouts and a summary page printout.

The axial region printout presents local information on powers
times time step and burnup. Also presented are rod radial
temperature distrinoutions, coolant temperatures cladding stresses and
strains (both recoverable and permanent)s, gap c¢onductance, fuel-
cladding interfacial pressures and coolant film neat transfer
information.

The power—-tima step printout presents rod burnup, void volumes
and associated temperaturess» mole fractions of constituent gases and
release fractionss total moles of rod gass, and rod gas pressure.
Alsg this oprintout presents stressesr strains, temperatures and

stored energy as a function of axial region,

The summary page printout presents time—-dependent infarmation
about the hot axial re2gion. This includes temperatures of the
claddings fuel-ciaduing gaps and fuel; fuel=-c¢cladding Interfacial
pressure; c¢ladding stress and strain; fuel outside diameter; gap
conductance and gas pressure; zZircaloy oxide thickness; and hydrogen

uptake,

3.,2.2 Plot Pacrage. The FRAPCUN-2 plotting package is made up of
subroutines which maxke use of the IGS graphics system. The plot
information is stored on unit TAPEL? Dy FRAPCUN-2 and is processed
by the plot package which generates the curve information on wunit
TAPE1Q. TAPELO can be used to generate the piots on computer system

devices such as a FRBQ microfiche plotter, a microfiim plotter, ang
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a CALCUMP plotter.

3.2.3 FRAP-1 Initialization. FRAPCON-2 contains sutroutine RESTFS
whichs when the flag NTAPE is set to 1, stores sets of  history
depengent information for each power—time step. This information
is storea on unit TAPELl and is for FRAP-T initialization. This
gives the wuser the atility to model the fuei rod response of a rod
which experiences significant burnup prior to some transient

excursion,

3.3 Features of FRAFCON-2

FRAPCLN=-2 has been designed with special features to aig the
USET The code has been dynamically dimensioned so that the code
may be implemented on computers with limited core storage. The code
also has a restart feature which allows for modeling power histories
which require more than 10C power—time pairs {(the maximum pumber of
power—time pairs which can be input for any single run is limited to
100).

3.3.1 Dynamic Dimensionings FRAPCON-2 has been dynamically
dimensioned so that a minimum amount of core storage is required for
any given fuel rmodeling process. Those parameters which are a
function of the problem size are dimensioned to the &exact size
required by the axial and radiai nogalization and the number of
power-time steps. The user can set the core size based on the
number of axial anc radial nodes and the number of time steps.

3.3.2 FKAPCON-2 Restarte In the event that a user requires more
than 100 power—-time steps for the analysis of the behavior of a fuel
rodr the capapbility exists to restart the code. This allows the
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user the freedom to model the steaay state behavior cf a fuel rod in
as much detail as is Oeemed necessar ¥y« When NRESTR is set to 1,
FRAPCON-2 stores information for a FRAPCON-Z restart on unit TAPEZ.
This informaticon can then be used to continue an analysis which
requires more than 160 power—~time pairses The restart option is not

availiable when the PELET mechanical modeling option is chosen.
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APPENLIX A

INPUT AND DUTPUT UESCRIPTION

Appengix A descrites the input necessary to run FRAPCON—2 and how
to interpret the ocutput ogata. The makeup of the input data deck

consists of:

l. Uncertainty 2nalysis ocption card

2s Uncertainty NAMELIST IN (if uncertainty analysis option

is ¢chosen)

3, Title carc for the job teing run

4 NAMELIST FRPCN

e NAMELIST FRPCOUN

6 NAMELIST EMFCPN {if evaluation maodel option is chosen)

7« Plot inpute.

The stangara input includes the uncertainty analysis option cards the
titie carcs, and two NAMELISTss FRPCN and FRPCON. OCptioral input
ingludes the NAMELIST INs NAMELIST EMFCPN» and the plot input.

Section l. of this appendix cescribes the standard inputs, which
is in NAMELIST formats Section .8 describes the optional
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input. Section 3. fresents the output format and Section Ge
describes the control language necessary to run the code on the CDC

CYBER computer.

1. STANDARD INPUT

1.1 USE OF NAMELIST,

The standara input to FRAPCON=2 is in the form of two NAMELISTs,
FRPCN and FRPCONe The wuse of NAMELIST input requires that the user
follow a wprescrited input format., Within certain restrictions,

howevers great flexibility is provided for designing an input deck.

The input format requires that:

le The first character on every card be Jeft blank.

2e The first carg of a NAMELIST data set must contain a
"3" in colurn 2, immegiately followeg by the appropriate
NAMELIST name.

3. The last entry of a data set must be a "&",

4 The data items must be separated by commas (the comma

should follew jmmediately after the gonsiantd.

The form of the data items in an input record is

sympolic _Name = Copstapnt,
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The symbolic name may be a variable name or an array element name.
Subscripts must be integer numbers. The gconstant may be an integer or
real number.

1.2 DAYA DECK FORMULATIGN.

Yhe cards necessary to create a standard input deck for FRAPCON-2
include the uncertainty analysis option cards the title cards NAMELIST
FRPCN» and NAMELIST FRPCON,

The uncertainty analysis card is used to input the choice of
whether or not the uncertainty analysis option is to be run. If the
option is to Dbe wused » a "1™ is placed in Column 5 and NAMELIST IN
follows. If the option is not to be useds a "O" is placed in Column
D If the uncertainty analysis option is not useds the uncertainty
analtysis card is folleowegd by the titie cardi(s). There is no
limitation on the length of the titlie or the number of titie cards
useds but only the first 40 characters of the first card will be
printed by the <c¢ode. The title card is fotlowed first by NAMELISY
FRPCNs and then by NAMELIST FRPCOM. Evaluation models are used if the
value of the variable IMSWCH is not equal to zero. If plot options
are chosen, additional cards are added after NAMELIST FRPCUN.

What foliows is a description of the variables comprising
NAMELIST FRPCN. These variables are used by the code to describe the
physical space in the computer where information will be stored.
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NAMELLIST_SERELN

¥aciable Name Lescriplion_ang _kestriction Refault VYalue
LAXSYM Controls AXISYM option; use only with 0
MECHAN=3

=1y AXISYM is used
=0y AXLSYM is not used

IM Number of power—time steps {greater -
than 1)
MECHAN Controls choice aof mechanical model 0

=]y PELET-RAUTAL
=2y FRACAS-]
=3, FRACAS~I]

N A MNumber of axial regicons (may vary -
frem 3 to 18)

NC Number of radial nodes in cladding; 4
used only if MECHAN=1 (greater than 1}

NF Number of radial nodes in fuel; used 5
only if MECHAN=]1 {(greater than 1)

NR Number of radial nodes in fuel; 11
used for thermal calculations

{recommended value Is 111}
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ariaple N [ ot R icti Cefaul |

NGASR Cortrols choice of gas release model
= =2y FAST/GRASS or GRASS
= -1 Booth diffusion

0» Maclonalo—wWeisman

= 1s Beyer~Hann with NRC high burnup
correction factor
= 2y Beyer=Hann without NRC high burnup
correction tactor
bs ANS-5.4; NGASR is used as
the numter of radial regions

| v

in the fuel for the gas release

calculations

when choosing values for the variables in NAMELIST FRPCN the user
must consider that more ocetailed modeling will result in increased
computer core storage requirements and increased running time, Those
variaples which directly influence the running time and core storage
requirements include 1K, NAs AND KR (NF and NC if MECHAN=1). The
influence of the MECHAN amd NGASR option choices is best determined by

trial for the specific probtem being modeled.

The card immediately following the $END card of NAMELIST FRPCN
will be the first card of NAMELIST FRPCON. NAMELIST FRPCON contains
the actual rod parameterss power historys etc.sr and consists of the
variables Jisted belocws The user has the option to input English or
SI unitse. Eacn input variable lists the appropriate &English or 3§I
unit in the wvariatbtle aescription. These must be input with those

unitse.
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cuMp

CPL

DClI

bCo

DE

DELTAZ

DEN

DISHSD

; ipti Restricti Lefault val

Plutonium oxide content of fuel

{weight percent)

Plenum length (inessm)

Inside diameter of cladding (in.sm);
input a value for each axial
region if IVARDM = 2

Lutside diameter of ciliadding {(ine.sm);
input a value for each axial
region if IVARDM = 2

tquivalent heated diameter (inesym);
input a value for each axial
region if LVARDOM = 2

Array containing lengths of axial
segments (in.»m); variable only if
IVARLM = 1

Fuel density as percent of theoretical;
10.97 gmscc is assumed theoretical density

Dish shoutder width; peltet radius

minus dish radius {in,»m)
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op

DSPG

DSPGwW

ENRCH

FA

FGPAV

FLUX

GC

HDISH

HPLT

G iofi Restrict

Liameter of peliet {in.sm}; input a value

for each axial region if IVARDM = 2
Cutside diameter of spring {in.,m)
Diameter of spring wire (inessm}
Fuel enrichment (weight percent)

Axial power profile peak-to-average ratio
=1la0» If QGMPY = aver age
>1.0s if QMPY = peak

Initial fill gas pressure (psiay
2
Nim )

2
fast neutron flux (neutrons/m .s)

Mass flow rate {Iblhr.ft2 kgls.mzi
see NSP; if go=0, cladding surface
temperature=TW at afl axial nodes

Depth of pelliet end dish {in.sm)

Height of peliet {inesm)
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yariable N Lescripti tricti

ICH

IDXGAS

IM3WCH

IPLANT

Index
=2
=4’

Incex

for cladding material
zircaloy=2

Zircaloy-4

for initial fitl gas composition
helium

air

nitrogen

fissionh gas

argon

user specifies mole fractionss see
AMFALE, etc.

Switch to controf use of the evaluation

models; use only if MECHAN=2

= {s»
= 1»

==1,

use na £M models

use all EM models

individual models specified by
user; see NAMELIST EMFPCN

in optional input section

Switch to specify the radiat power profile

==1s User inputs radial power profile

(

See RAPQOW)

= 0y Code uses FLUXD subroutine

Radial

power profile from LASER tables,

if IPLANT = 1525354
1*PWRs uranium enricheds 6 2>ENRCH> 2,0
2=BWR» uranium enricheds 3.5 DENRCH> 1.5
3=PWR, plutonium enricheas 10 >ENRCH> 2,0
4=BWKs plutonium enricheds & DENRCHY 1.5
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o

iQ

IVARDM

JOLPR

JN

JST

C ipt : icti

Incex for axial power shape
=0, user input (see FA,»QF)}
=1, cosine shape catculated by code
CMPY must be average poOwers;

see FA

Index for axially depengent cimensions

=0, no variation

=ly axial tength variation; DELTAZ input

as array
=2y variable radial dimensions; DCI»

Py DE» BUIN input as arrays

Inagex for output control {(when NOPT=0)
=1y peak power axial node only

=]l all axial nodes

Number of entries {(maximum of 40) in
each set of QF and X tables
{omit if IQ=1)

Array contrclling choice of axial
power shape for each time step
{10 must = 0)
Shape 1 is described by the first
X and QF arrays
Shape 2 is described by the second
X and QF arrays.

etc.s maximum of B8 shapes
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NOPT

NSP

NUNITS

P2

<F

UMPY

RC

: oL Restricti Default Val

Gutput option
=0y full output

=3, summary page output

Switch for time dependent parameters
#0s constant parameters
=]y P2» TW» and GO must be input as

arrays versus time array

Specifies input unit type
=0y metric units
=1y English units

System pressure {see NSP)
(psias Nlmz)

Axial power profile factors; up to 8

shapes cantaining JN entries for each
shape; May be normalized to peak or average
Fower; see FAs IOQs QHMPY

Linear heat rating array versus time
array (kWw/ftrkw/m).,

UMFY values may be either peak or average
povers. If MECHAN=],QMPY should not
change more than 5.0 kW/m (1.5 kw/ft)

per time step.

Racius of pelilet annulus (in.sm)
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. : L L

ROUGHC Arithmetic mean roughness of cladding

surface (in.»m)

ROUGHF Arithmetic mean roughness of fuel surface
(inum)
TIME Tatle of accumutated times corresponding to

TOTL

Tw

Vs

GMFY arrays time to end of step (days,
first value greater than 0.0)

Fuei! stack height {(ft,m)

Inlet water temperature (°FsK); see NSP

Total number of spring turns

Tabie of axial elevations corresponding

to GF entries (ftam); must range in ascending

ocrder from 0.0 to TOTL» for up to 8
shapes» omit if IQ=1

4.5x10‘5

B 5!10_5

The foldlowing variabless, also contaited in NAMELIST FRPCONs are

basicatly input options rather than requirements. The user may wish

to use the default values for moest of these variables.
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. . o i cti Cefault Val

AMFAIR Absolute mole fraction of air; 0.0

used only if IDXGAS = &

AMFARG tbsolute mole fraction of argon; 0.0
used only if I0XGAS = 6

AMFFG Absolute mole fraction of fission gasj; Q.0
used onty if IGXGAS = 63 use oanly if
AMFKRY = 0.0 and AMFKE = (.0

AMFHE Absolute nmole fraction of helium; C.0C
used only if IDXGAS = 0

AMFH2 Absolute mole fraction of hydrogen; G0
disea gnily if IDXGAS = 6

AMFHZ20 Absolute mole fraction of steam; 0.0
used anly if IDXGAS = &

AMFKRY Absotute mole fraction of krypton; 0.0
used only it IDXGAS = 6

AMFN2Z Absolute mole fraction of nitrogen; Ca0
used only if IDXGAS = 6

AMFXE Absolute mole fraction of xenon; 0.0
used only §if IDXGAS = §
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BETA

BUIN

CATE XF

CLOWKS

CP

LR

CRUT

CROTR

CREPHR

CTMAX

\ ipti : \ . Cefault Val
Variable not currently used. 0.0
Initial fuel burnup (MWd/MTUsMWs/Kkgl); Ca0

alsgo consider inputting AMFFG; may be
axially dependent array if IVARDM = 2

Texture factor: fraction of cladding cells

with basal poles parallel to the tube axis

Cola work of the claddings fraction

Anisotropy coefficient; used with MECHAN=]

Anisotropy coefficient; used with MECHAN=]

Initial crud thickness (mil,m)

Cruad builaging rate (mil/hram/s)
only if ICOR=2

Creep step size for FRACAS-I and FRACAS-II
fhrs)

Maximum claoding temperature attainedg by

the fuel rods axial array { F»K)
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CENG

FOTMTL

GRNSIZ

1COR

ITREST

LINKT

NFROU

NOFALL

. inti ; icti Refault Val

Ratic of pellet immersion density to

geometric density

Fuel oxygen to metal ratio

Initial fuel grain size (yum)

Ingex for crud model
=0sconstant crud; no temperature drop
if boiling
=lsconstant crud; temperature drop if
boiling
=2yvarying crud; temperature drop if

boiling

Restart index (time-power step to
begin a restarty use only with FRACAS
options)

Version number of FRAP-T code for which
restart tape is to be written (5 or 6}

Number of like fuel rods being analyzed

Controis the use of cladding failure
models used with FRACAS-I
=0, failure probability considered

=]y failure probability not considered
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Maciable Name

NPCYCL

NPLTAB

NPRINT

NREAD

NEKESTR

NTAPE

NUCFC

I L _

Number of previous power cycles

Parameter on plot abcissa
=0, time
=1, rod average power
=2y local burnup

GRASS print index
=1y no GRASS output
24y full GRASS output

FRAPCON restart read
=0y no restart read

=1ls read restart tape

FRAPCON restart write
=0y no restart write

=1y, write restart tape

FRAP=-T restart
=0, no restart data stored
=1y, data stored each time step for
FRAP~T use

User specified coltapse faiture criterion
=0, collapse mode is not considered
=1y collapse mode is considered
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Yariaple Name

GEND

PPMHZC

PPHMNZ

RAPOw

RSNTK

SGAPF

TSINT

JBFS

UMELT

C ipti Kestricti Gefault Val

Nermatized heat flux from top
Fuel initial water content {(ppm)

Fuel initial nitrogen content {ppm)
of fuel stack to plenums one value

for each axial power profile; see QF

Facial power profiley applied at
toundaries of equal volume rings in order
from surface to center; 11 values are
requireds normalized to an average value
of 1.0 uysed only if IPLANT = -1

Absolute change in fuel density due to

thermal resintering (kgimSJ

tission gas atoms produced per 100 fissions
Fuel sintering temperature (°FyK}

Lser specified balloon failure strain

Claading failure melting temperature (°F)
=0y MATPKG value is used
>0s input value is used
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etc.
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, . o : L E It Val

UOUFD Cladoing oxide failure depth criterion 17.0

{percent)

2, OPTILGNAL INPUT

The optional input is comprised ot three groupss the uncertainty

analysis inputs the evaluation model input» and the plot input.

2el UNCERTAINTY UPT1CGN.

As noted previouslys the uncertainty option is used when a "1" js
placed in cotumn 5 of the uncertainty analysis carde whep the option
is selecten for user the uncertainty analysis option card is followed
by the NAMELIST IN«. The variables contained in IN are described

DEIOH.

NAMELIST LN
ar | L ot R icti Cef it val
FACTOR(K) Flag for additive or multiplicative -

uncertainty factors.
=Cy additive
=1, multiplicative {default)
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ariand : it Restricti Jefault val

CllsdsK) Uncertainty factors. Factors are 0.0
described by polynomnials of up to third etc.
orger in temperature ([) in faour temperature
ranges (J) for approximately 50 Factors (K},
Values are 0ve standard deviation,

Multiplicative factors should be input as a
dgecimal fraction. For example, an
uncertainty factor of 1.2% jindicating a one
sigma uncertainty of 25 shoultd be input

as 0425, The code wWill add the 1,00

when used

TL{JaK) Upper temperature linits describing 0
ranges applicablte to 4dncertainty
factor potynamials. If no temperature

range uppermost {limit,» enter J.

LRES(N) List of responses from Table A-l. 0
Order is not important. Individual
responses may be listed more than once.
For examples, a given response may oe desired
at more than one axial node. Not to exceed

100 total responses.

NODE(N) List of axial nodes corresponding 1
LRES{N)J. List must matcn LRES(N)

one for one.
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Tabie A-1s DEFAJLT UNCERTAINTY FACTORS
Additive (A) or Temp.
LFAD  Source wltiplicativ (M)* ractor Range (K}
le Fuel specific heat M l.02 T<500.
150%2+1.bE 500.<T<€3230.
-2X
206 3000647
2 Fuel thermal A De2 -
conductivity
3. Fuel emissivity M 1.10 -
4, Fuel thermal A Qel253=6x1 T<500.,
expansion 0.00125 500.<T
5 Fuel elastic A 0.3c11 -
modul us {Pa)
6. Poisson's ratio A 0.094 -
Ta Fuel creep - (T8D) %% -
B Fuel fracture A J«19 -
streagth {Pa}
9. Fuel swelling M 1.5 -
10, Fuel restructuring - {TBJ) -
1l Fuel densification - {TBJ) -
12. Fission gas - (T80) -
release
13. Cladding specific A 10e{J/kgaK} T<300.
heat 10. 300.<T<1J9
25, 1090.<T<13
100Q. 12300.<7
l14. Cladding thermal A 1.01 -
conduct?vlty (W/meK)
15, Zirc oxide A C.10 -
emissivity
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Table A-1., {Continued)
ddditive (A) or _ Temp.
LFAC  Source wltiplicative (M)* Factor Kange (<}
16. Zirc oxide tnermal A i.20 -
condactivity
i17. Ciadging axial M 1.20 TL1073.,
thermal expansion 1.50 1073.¢<T
18. Cladaing diametral hi 1.20 T<1073.
thermnal expansion 1.50 1072<T.,
19. Claadding elastic B L.190 T<fQu13.
nodul us 1.20 1083.<T
20 Cltadaing strength A 2.5 -
Coefficient (Pa)
21. Cladding _ & C.03 T<8CU,
circumferential E039%+1.25 A00.<TK1179
-3x
Jall 1170.<T
22, Claddiny Meyer - (T3D) -
nardness
23, Cladding creep - (Te) -
rate
24, Clagding Poisson's A 0.025 -
ratis
25, {ladding oxidation M lal175 T<15%23.
1.065 1923<T.
26 Gas thermal M ls29 -
conductivity
27, Gas viscosity M l.25 -
284 Gap neat transfer P l.25 -
29. h 10.("(] -

Alpna-Beta tran-
sition temperature
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Tabke A-1. (Continuea)

Agditive (A) or Temg.

LFAZ Sourze Multiplicative {M)* Factor Kange (<)

i0. Pellet stack By 14001 -
height

3l. wladding outer M 1.001 -
diame te

i2. Fuel density M 1.0067 -

330 l! Shoulder M 1.003" -

di

34, Pellat dish M 1.034 -
depth

35, Pelliz2t heignt “ 1.0081 -

36. Pellet dish i 1,034 -
volune

3?. Pellet O'Jter M 1..001. -
radiuys

38. Cladding inner M 1.001 -
radius

39, Clagding outer iM 1.001 -
radius

40, Ctadding roughness M 1,100 -

41, Fuel roughness M 1.100 -

“2e Amount of gas M 1.034 -
in rod

43, Plenum vaolume i1 1.001 -

G4, vold pressure M le03¢4 -

231



Taole A-1. (Continued)
LFAC Source STt sl leative® e Factor Ranbe (<)
45. Hole fractions of - (T62) -
of gas components
46. Unused - - -
47. Initial temp- - (TBD) -
erature estimate
48, Power history M 1.050 -
43, ANS decay M 1,067 -
neat curve
50, Unused - - -
51. cHF Ffactor M 1.080 -
52. Jnused - = -
53, Unused - - -
54. Unused - - -
5b. Jnused - - -
950 Jnused - - -
57 Unused - - -
58, Unused - - -
59, Unused - - -
60, Jnused - - -
6l Plenum length - (T8} -
62, Equivalent heated - (T80) -
diameter
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TaDle A-l.

(Continued)

Adgitive (A) or Temp.

LFAC Source Multiplicative {M)* Factor Range (X)

63. Diameter of - {TBO)
Springs cutside

64, Diameter of - (TBO) -
SPring wire

65. Fuel enrichment - (7T80) -

66. Mass flow rate - {To0) -

67 system pressure - (78D -

68. Axial heat - (TB82) -
Normalization
Factors

69. Fuel stack - (Ted) -
height

70, Intet water - (TeD) -
temperature

71l. Total spring - (TED) -
turns

72 Initial fuel - (7T82) -
pufrnup

73. Texture factor - (TED) -

T4. Cold work - (T80} -

75. Helght percent - {780) -
puo

4 Initial crud - (T30} -
thickness

T7e Crud buildup - {TBD) -
rate

78. Porosity correction - (TBD) -

233



Tabte A-1l.

{Continueq)

LFal Source

TP Fast neutron flux

B0. [nitial grain
size

Bl. Fuet initial
water content

82. Fuel initial
nitrogen content

B3 Normalized neat flux
at top of Fuel stack

B4, Petlet core
radius

B5. Fission ¥as atoms
per 10J fissions

86 Fuel sintering
temperature

87. cladding oxide
faiture criterion

B8 Jnused

ag, Jnused

F0. Unused

91. Jnuseg

92. Jnuseg

33, Jnused

94, Jnuseo

35, Unuysed

Factor

(14D

Temps
Ranyge

1<)
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IaDle &-lo

{Continueda)

i Additive (4] ar Temp.
LFAS  Source Multiplicative (M)% Factor Range (<)
96. Unused - - -
G7. Unused - - -
99, Unused - - -
100. Jnused - - -
* Additive (A) or Muttiplicative (M) refers to tna manner in whichk tne f
nas applied. That is» percentage uncertainties w~ere maltiplicative where
apsolute uncertainties aaditive.,
** (130) - to be agetermined.,
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LFACLN)

LTYPE

LPB

AMJIL,X)

IPRINT

Lot " ot Qefault Val

List of factaors fromn Taonie A-2

to be includeg in tne analysis. Jdrder
is important., Exampies {LFAC)=

2r 49 By 95 5, the analysis wili include
these five factors in this orger in the

experimental dgesign and confounding arrays.

Type of analysis desired.
=1, linear
=2y linear plus foldover
=3, linear plus quadratic
=4y linear plus foldover plus

quadratic

Placket-Burman design flag
=0y fractionatl factorial design
=]y Placket-gdurman design

First four dimensionless central

moments of the uncertainty factor
distributions assumed to> apply over aill
temperature ranges. Normal distribution
is gefault,

Flag for additional experimental
gesign including design jenerators and
one and two factor aliases.

0, NO

=ls yes
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Table A-2. Responses

LRES Response

1 Zircaloy oxide thickness (M)

2 Net permanent fuel deformation (m)

3 Cladging plastfc hoop strain

4 Cladding plastic axial strain

5 Clagding plastic radial strain

b Cladcing peak temperature during
ogperation (K)

7 Jdpen porosity

8 Fuel burnup {MAd/MTU)

9 Fuel centerline temmperature (X)

10 Fuel surface temperature {«)

1i Cladaing inner surface temperature (K)

12 {ladding outer surface temnperature {X)

13 Internal gas pressure (Pa)

14 Radial gas gap (m}

15 Gram-moles gas in the rod

16 Mole fraction of rod gases

17 Cladding residual hoop strains

l8 Cladoing residual axial strains
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Table A=2., (Continued)

LRES

——

19

29

21

22

23

24

Kesponse

Cl1adding residueal radgial strains
Fuel residuatl hoop strains

fuel residual axsad strains

Fuel residual radial strains
Interface pressure (Pal

Cladding effective plastig strain
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Eacianle Namn ”gs;[ie“‘ign 40g Kgstcig;ign ”gIaIlt !!allg

IFLAG Flag for check runs 0
=0y design and confaundinyg
arrays
=1y, add nomninal FRAP run

=2y add conplete uncertainty analysis

ISTART Flag for restarting from previous 0
analysis
=0s No

=1y yes

2.2 EVALJUATI3N MJDEL OPTIJN

A set of tzn EM flags are used to specify the £M options. Ones
flag IMSWIH in the FRPCON NAMELIST is used to set ali options on or
off, or to specify that some combination of the EM model options and

pest-estinate BE modet options is to pe uysed.

The input variables for the EMFPIN NAMELIST are given below.
Tney correspond to the nine £M requirenents. All variables are

defaulted to zZero.

The EM input cards foltlow a $EMFPCN caroc and end with a $END
card. If IMSWCH4 = O or ls these cards must De omitted.
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. L tricti Default Val

IMPOWR EM power requirement index
=0y not assumed to be required
=l,; assumed to De required and input

appropriately

IMFUEL EM fuel dimensional change index
=0y BE gimensional changes
=1, EM dimensional changes

IMFDNS EM fuel densification index
=0y BE densification used
=1, EM densification used

IMRELCG EM fuel relocation index
=0y BE relocation used

=1, EM relocation used

INCLAD EM ctadding deformation index
=0y All deformation mechanisms included
=1y No permanent deformation included

IMGAPC EM gap conductance index
=0y BE gap conductance used
=], EM gap conductance used
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| iaple N C ioti Restricti Refault Val
I1M93WC tEM fuel thermal conductivity index 0
=0y Thermat conductivity based on 97 w/cm
=1y Thermal conductivity based on 93 w/cm
and uncracked fuel

IMENRG EM stored energy index 0
=0y, Stored energy based on 298 K
=1, Stored energy based on 273 K

IMFGAS EM fission pas release 0
=Js BE fission gas release used

=1y EM fission gas release used

2.3 PLOT INPUT

The following is the input data requiread for plotting. If no
plots are desireds follow the "S$END"™ card of the preceding input with
card 1 below. If plots are desiredr a full set of plot data is
required and the following plots versus times powersy or burnup {(see

NPLTAB) will be createc for each axial node specified.

l. Cladding Surface Temperature
2+ Fuel Centerline Temperature
3. Gas Pressure

4, {ladaing Hoop Strain

5. Fuel Axiat Elongation

6. Cladding Axial Elengation

7. Local Rod Power
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10.

l1l.

12.

13,

l4,

15,

ib.

17.

ld.

19,

20,

Surface Temperature of Fuel

Gap Heat Transfer Coefficient
Clagding Surface Heat Transfer Coefficient
Average Temperature of Cladding
Zircaloy Uxide Thickness

Mole Fraction ¢f Helium

Plenum Temperature

lncrease in Gas Foles

Coolant Mass fFlux

Stored Energy

Coolant Pressure

Unrelocateg Gap Thickness

gulk Coolant Temperature
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Largd Moy 1 - Specification of the number of axial nodes for which
piots are desired

wolymng tormat* Nape quanfiity

1-5 I NPLTNGO Number of axial nodes for which plots
are desired. If no plots wanteds input

the numper O.

Card Mo, 2 - specification of axial nodes at which plots are wanted

Colymns  format Namg Quantity

1-5 I IAPLT{l) The first axial node at which plots

are wanted

5-10 I IAPLT{2) The second axial node at which plots

are wanted

Repeat as necessary tor IAPLT (K)y K being an axial node number

Gard Nog 3 - Times local rod powery, or burnup axis

Codumpns  rtormaf DRame Quantity

1-10 F TSTART Minimum times powers or burnup on

time axis (hry sec)

*¥*] = integer values, F = floating point values, A = alpha numeric value,
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1i-10 F TEND Maximum times, powers, Or burnup on

time axis {(hrs sec)

21=-30 F AxL1 Length of time axis (in.)

31=-70 A LABLT Label to be given time axis

card Ngs 4 — Cladaing surface temperature axis

Lotympns  Eeormat Namg Quaotity

1-10 F TSMIN Minimum cladding surface temperature on

axis (°F,K)

11-20 F TSrAX Faximum cladding surface temperature on
axis (9FsK})

21-30 F AXLTS tength of surface temperature axis
(in.l

31-70¢ A LAEBLTS Label to be given surface temperature
axis

card Nos 5 — Fuel centerline temperature axis

Lolumps  Eormat Name Quantity

1-10 F TCLMIN Minimum fuel centerline temperature

on axis (°FyK)
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11-20 F TCLMaX

21+-390 AXLTHP

gl

31-70 A LABLTH

Faximum fuel centerline temperature

on axis {°F,K}

Length ¢f centerline temperature axis

{in.)

Label to be given centerline temperature

axis

Lard No, 6 - Gas pressure axis

Column format Nawme

1-19 F PMIN
i1-20 F PMAX
21=-30 F AXLF
31-70 A LAELP

Quantify

Minimum gas pressure on axis {(psia»
2
N )

Haxgmum gas pressure on axis (psiay
N/m }

length of gas pressure axis (in.)

Label to be given gas pressure axis

Carg Nos, 7 = Cladding hoop strain axis

1-1i¢ F EPSMIN

11-20 F EPSMAX

Minimum cladding hoop strain on axis

{dimensionless)

Maximum cladding hoop strain on axis
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(dimensionless)

21-30 F AXLEFS Length of cladding hoop strain axis
{in.,)

31-70 A LAELE Label to be given cladding hoop strain
axis

card Nogs, 8 - ftuel axial displacement axis

i=-19 F UZEMIN FMinimum fuel axial displacement an axis
{(ftsem)

11-29 F LZFMAX Faximum fuel axial displacement ¢cn axis
(Ftem)

21-30 F AXLUZF Length of fuel axial acgisplacement axis
{in).

31-70 A LABLUF Label to be given fuel axiat

gisptacement axis

Card Nas ¢ - Cladding axial cisplacement axis

Golumns  Eormat |lMame Quantity

1-106 F UZCMIN Minimum cladding axial
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11-2¢ F
21-30 F
31-790 A

caryg Nog 10 - Fuel

Columns  Eormat

1-10 F
11-20 F
21-30 F
31-70 A

Card Nos 1l - Fuel

UZCMAX

AXLUZC

LaBLuC

di splacement on the axis (ftom)

Maximum cladding axial displacement on

axis (ftrm)

Length of cladding axial displacement

axis (inas)

Label to be given c¢ladding axial

Gisplacement axis

rod power axis

Pr1k

PiAX

PLEN

PLABL

guantify

Minimum linear fuel rod power on axis
(kw/fts KW/m)

Maximum linear fuel rod power on axis
(kw/ftsy Kw/im)

Length of linear fuel rod power axis

(in.)

Label to be given 1inear fuel roc power

axis

surface temperature axis
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11-20

21=-3¢

31-70

tormat HNafre

F TESMIN
F TESHAX
F TESLEN
A TFSLAB

Quantity

Finimum fuel surface tmperature on axis

(°EFsK)

Faximum fueld surface temperature on saxis

(°FrK)

Length of surface temperature axis

anis .

Label to be given fuel surface

temperature axis

Lard Nog 12 - Gap heat transfer coefficient axis

i1-2¢

21~30

31-70

tormat lame

F HGMIN
F HGMAX
F HGLEN
A HGLABL

guantify

Minimum gap heat transter coefficient
° 2 _ 2
on axis [Btu/hr="F—Fft » W/im —K)

Maximum gap heat transfer coefficient on

axis (Btulhr-F=ft2, W/mZ=K)

Length of gap heat transfer coefficient

axis (in.)

Label to be given gap heat transfer

coefficient axis
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wdrd Nog 13 - Clagging Surface heat transfer coefficient axis

Colymns tocmat [lName Suantity

1-10C F HSMIN Minimum surface heat transfer
coefficient on axis (Btulhr,°F.ft2p
hfmz « K

1i-20 F HSMAX Maximum surface heat transfer

o 2

coef;icient on axis {(Btu/hr, F.Fft »
wim LK)

21=-30 F HSEEN Lengtnh of surface heat transfer

coefficient axis (in.)

31-70 A HSLAB Label to be given surface heat transfer

coefficient axis

eard No, 14 -~ Average cladding temperature axis

golumns  Format fNawe Quantity

1-10 F TAMIN Minimum average cladding temperature on
axis {(°FsK)

11-20 F TAMAX “aximum average cladding temperature on

axis (°Fs»K)

21-30 F TALEN Length of average cladding temperature

axis f{in}
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31-70 A TALABL Label to be yiven average cladding

temperature axis

bard Nges 15 — Zircaloy—-UOxide thickness axis

Colymos tormal RNare Quantity

1-10 F ZOMIN Minimum ZrG0, thickness on axis (in.,mm)
il-2Q F Zurax Maximum Zr0, thickness on axis (ins,mm)
21-30 F ZGLEN Length of Zr0, thickness axis {in.)
31-70 A ZO0LABL Label to be given ZrEI2 thickness axis

Card Nge 16 - Helium mole fraction axis

Colymns format Name Quantity

I-10 F MEMIN Minimum helium mole fraction on axis

11-20 F MEMAX Maximum helium mole fraction on axis

21=-30 F MFLEN Length of helium mole fraction axis
{ins)

31-70 A MFLABL Label to be given helium mole fraction
axis
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ard No, l? - Plenum temperature axis

1-10 F TPMLIN Finimum plenum temperature on axis
(°FrK)

1l1-20 o TPMaX Maximum plenum temperature oOn axis
(" FaK)

21-30 F TPLEN Length of plenum temperature axis {in.)

31=-70 A TFLABL Label to be given plenum temperature
axis

Card Nos l8 - Kod gas increase axis

1-10 F KRGMIN Minimum gas increase on axis

{percent of initial}

11-20 F RGMAX Maximum gas increase on axis

{percent of initial)

21-30 F RGLEN Length of gas increase axis (in.)

31-70 A RGLABL Labet to be given gas increase axis
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Card NO, 12 - Coolant Mass flux axis {plot of average mass flux

in cecclant channels surrounding fuel rod)

1-10 F GFIN Finimum mass flux on axis {lbmlftz.hr:
2
kg/m .5
11-20 F GRraX Maximum mass flux on axis (Ibmiftz.hr:
2
kg/m .s)
21-30 F GLEN Length of mass flux axis (in.}
il-70 A GLABL Label to be given mass flux axis

LafLd_NQe__20 - Fu2) storea energy axis

columns Eormat DNamg Quantity

l=10 F SEMIN Minimum stored energy on axis (btu/lbm,s
cal/kg)

11-20 F SEMAX Maximum sStored energy on axis (btu—-bms
cal/kg)

21-30 F SELEN Length of average stored energy axis
{i'n-}

31-70 A SELABL label to be given average stored energy
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axis

Cacd No, 21 - {oolant pressure axis (plot of average pressure inp
cocolant channel surrounding fuel rod)

Carg tormat Namg Quantity

1-1¢ F PCFIN Minimum coolant pressure on axis (psias
N/ m2)

il=-20 F PCMAX Maximum coclant pressur on axis {(psias
WIS

21-30 F PCLEN Ltength of coolant pressure axis (in.)

31-7C A PCLABL Label to be given coolant pressure axi:

ward Nog, 22 = Unrelocated gap thickness axis

Lolumns Egormat Name

1-10 F THKMIN
11-20 F THKMAX
21-390 F THKLEN
31-70 A THKLAB

Quanfity

Minimum gap thickness on axis (milsm)

Maximum gap thickness on axis {(milsm)

length of gap thickness axis (in.)

Label to be given gap thickness axis
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Carg Ng 23 - bulk Cooalant temperature axis

Columns  fFormat Name Quantity

1-10 F TEMIN Minimum bulk temperature cn axis (°F,K)
11-20 F TBMAX Maximum bulk temperature on axis (°FsK)
21-30 F TELEN length of buik temperature axis (in.)
31-70 A TBLAB Label to be given bulk terperature axis

3. 0uTPyT CDESCRIPTION

The output from FEAPCON=2 consists of several discrete sections.

Fach section wWill be described below in the order the user would
encounter it.

The first page is an exact listing of the cards the program reads
as data (Figure A-1)s The WRITE statements which create this output
are in SUBROUTINE ECHOL.

If the uncertainty option flag is set to "1", the next section of

output will present uncertainty analysis output (Figure A=2).

The next output secticn to appear in the printout is the NAMELIST
FRPCN with the values for those wvariables (Figure A=3). This
information Is c¢reated by the WRITE statements in subroutine SETUP.
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1 H 3 a L [ ] 7 [
123056 TA90 1205078001 2345aTAN0 13056 T800123u50TA9012D45eTAG01 2305670901 2305a7090

1Fa=332, ROD 1

SFRPCN

IMuSS,NAnd NRWL 1 ,NFoiu,NCoY,MECHANS ], NGAKRS2,

1" | .o;

In s 12,

SEND

SFRPCON

AENTR ay04,0, TAINT m 3092,0, FLUX m 2,1E1Y,

CPLuD,.984,0CImd, 029%,0C0e0,5035,0E00,0,0EN09Y9,,0I8H809,0,0P80,4208,

DAPAR], Y, 00PGNR0, 0V, ENRCHEL0, ,PAn1,18,FCPAYN]S, G0L1Ie0,0,
HDIaMe) 0, HPLTe0 8, ICMa2, I0XKGASD ), 1080, JOLPReD, NS, J8T00,
NOPTWO, NOPEO, NUNTITSu1,P2(1)0500,RCE0,035, TOTERL (087, TWlidmubd,

IPLANT a =1,

RAPON{{)® 1,1838,1,1375,1,09%,1,095,1,018,,98%,,.959,,.927,,902,.88,.85%,
AF Lm0, SB0,0,47,0,T01,0,802,0,917,0,908,0,996,1,0,

QUPy(ja) @ BalY, T obwid 8,3013,7,12,0,3011,,20]2,2,00]1.0,2¢10,2/11.,2,
aMpYidl) e l'l!.lull-!aIﬂola'.ioliioﬂcﬁoﬁalO.ﬂr!'l!-ﬂu

TINEC2R) = 125.2,187,,168,,189,,210.,230,,230.2,250,+270,2270,2,270,4,
TIMECDS) @ 285,,500,,300,2,510,,810,2,384,,347,,347.2,3%%,,3860.2,3%9,4,
TIMECUG) @ 37,406, 0800, 2,800,0, 4000, 421 ,,438,/0438,2/036,4,430.8,
TIME(S&) = 49%%,,47%,,09%,,819,,538,,5885,,570,,
nn"‘l’llolllila'uo!sol.ll7itao'..!lon!'l-r13001sol

QMPy(1d) w w3 T, 8e12.8,9013, 7,12, 0 80k),,2012,2,59)),4,@%10,2¢11.2»
GMEY(50) 3 ant@, 2 01a2s 10,2, 9. 2,408,0,%,0,10,0,14e1],4,

TIMECLYm, 075, . 150,0,289,0,300,0,37%,0,4%0,0,%52%,0.000,0,47%,

TIMECLOY = 0, 7%50,0.025,0,900,0.978,1.080,00,,20.4940,000,,80,,102:+12%¢+
TIME(22) @ 1@5.2,100, 195,170,108, R2004,21%9.,2330.,330.2,200.,2350.,
TIMECEE) ® 200,,270,,270,2,270,4,280,,290,,300,,500.2,310.,,310,2,320,,
TIMECUU) w 330, ,540,,307.,507,2,359,,359,2,390,4,3%0,,3804,%90,,400,.
TIMELSS) ® 00, o400, 2,800, U 8080 U008 Uib, 428, ,430,,430,2,038,.4,
TIMELAS) & G300, b d0T,,a88,,009,,480,,090.,5004+%10,,520,.530,,840,,
TIME(TH) » 590,,560,,570.,
XC(LIW0,0,0,29%,0,541,0,933,1,341,1,5%0,1,0858,1,87,

JOLPR uw |,

SEND

{ 2 3 4 S & 7 &
123485476001 23056 78001 2305478001 2345670901 2345470001 23456TR0123uS4T8901234%67890
36 INPUT CARDS

Fig. A-1. Card list generated by ECHOL,
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Figure A-2 Uncertainty printout.
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SFRPCN
[AXBYH w 0,
I~ 12,

MECHAN m 1,

L] a dy
NC s 1,
NF . U,

NGASR & 2,
NR .11,

SEND

Figure A-3. Namelist FRPCN.

WIFIRETY 3017 wILABTY 14822

THME NUMBER OF ARRAYD 1B 275

THE LENGTH OF THE A«ARRAY I8 1e822
1 13 | 5
3 1 L] 301
5 3ol & 304
7 1 & Jie
L] b T 10 12s

11 bR R 12 33s
13 Jai 14 ie
15 L1 3 1e b1 1
17 Il 18 Jab
19 m n 3ITe
# b1} 22 11 1]
[ 1) 11 24 e
1] 401 t 4] 408
7 811 E]) a1e
1 a1 14 Gde
3! a3 12 436
i 3] [ 13} 3 LT 1Y
33 451 3 ase
n (13 38 113
3 arl a0 are

Figure A-4., Dynamic dimensioning output.
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SUBRUUTINE POINTR prints a column of numbers that follow the $SEND
from NAMELJIST FKkPCNs These numbers designate array 1locations as
calculated by the dynamic dimensioning capability of the code (Figure
A~G} e

The NAMELIST FRPCON is the next section of output (Figure A=5}.
This will be followed by any diagnostic messages generated by the data
checking routine in the codesy SUBRUUTINE CHECK.

SUBROUTINE PRINT1 generates the table of physical dimensions
which appeat after the diagnostics messagess, or the 3END of NAMELIST
FEPCUN (Figure A=-6). The heading at the top of the page is generated
by SUBROUTINE PGHEAD. 1t contains the FRAPCON code version numbers
the MATPRUO version numbers the run dates an option indicator (see
Tablte A-3) and the page number for future references. The title also

appears in this page heading.

The time dependent variables which may be input by the wuser are
generated by the PKINT1l subroutine and are listed on page 2 of the

output (figure A~7). Plot information will also be output here.

Page 3 which is generated by SUBRODUTINE AXHEF, gives information
on how the code intergreted the user's input with respect to axial and
radial power profiles. Initial filf g as composition is also
cutput. The zero power cladding axial expansion is provided for data

comparison purposes {Figure A-8),
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6%2

SFRPCON
COnp " 0,0,

crL 8 L PEeD0,

DCI » .“'.’(’00' 0.0! o.ot o.ol 0.0! u.o’ o.ot OQOI o.ol 0.0- ooo’ 0.0’ D.O: 0.0! o.op 0.0: O.D.
0.0; 000! °o°l

DCB | ] .50!!!#00- 0000 °l°l 0.0[ 000! o.ol °-°i O.Do o.uf U-OO 0.0; 0.0. onUl u-ot o:oa 0.00 u.ol
°l°l 0.03 °.U|

o! L .bloﬂﬂ- D.Ou OQOD D‘Oi 0-0! 0.0: o.u! 0.°| nuol olo' onol G.U' o-ur 0.0! OoOO °|0i chi olor
0.0, 0,0,

BILT‘: B o.ﬂ; 0.0: OQUl 0-0’ onoo °¢0l U-Oa olol 0.0; ounl ooui o.ol 0.0! ucol 0.00 0.0' U.Ou oln! oloi
0.0'

DEN » 95402,

Dl.“.n a2 0.0.

op a ,HF0SEe00, DuL0y 0.0, 0,0, 0,0, 0,0, Q. 0r 0,0, 040, 040y 040, 0,04 0,00 Qulr D40, 0,00 0,0,
D.D, 0.0; °|°l

parc s ,3E400,

pardNn s 301,

ENRCH a .llqoin

Fi s 11%E+01,

POPAY o L15402,

FLux a ,21E+18,

LINKY LI 1

‘U . 0.0, 0.0! olo’ °lot oonl 0-00 0.0! 0,0, o.oi 000! Uo°l o.ol O.Ul Qelyp Bo0r 0.0, 0-0; Daly nloo
0s0, 0,0r 0405 0,0, 0,05 0.0, 0u0s 0,02 0,0, Culyr 040 040, 0a0s 0205 040, 0405 0,0, 040r 040,
040, 0.0 0,0, 0,0 0,05 0.0, Cu0y 0.0, 0,0, Gu0y 040, 040, 0,0, 0,0, 0,05 0405 0,0, 040, 0,0,
°l°i oooi uno! Oulls ouni o.ot o.oi ovoi ocui ulo' D-ol Ouly U.or oln' 0.0 onoi UQOl De0 nlﬂ!
0o0y 0400 0oy 0,0, 040) 0,0¢ 0as 040p G0, Culs Da0s 0,0; 0,0, 0,04 0,0¢ Qa0s 0,0,

HDIgW @ 0,0,

HPLT 5 ,5E+03,;

H{4 ] LI

I0xGad = i,

IPLANT & =1,

Figure A-5. Namelist FRPCON,



09¢

KRNI R X AT XA K XA E AKX KA XA KAN AT X
X wwnk FRARCON wwnwn X
X STEADY=BTATE FUEL ROD ANALYEZIS® CODE X
X HMOD 002 VERSQO1 MAT PRD MOD 1t REV | X
¥ RUN DATE = 2T7/10/80 OPTIONS S2100000 PAGE 1 X
X IFh=i3ld, ROD 1| x
0000000000000 000 300 003 3006208 3G 000 20000 000 0000 000 2000 O M3 0 X X K X
TONXON N 0000 00000 0200000050000 3000 0000000 36036065 0 3 00 030 0E D000 00000000000 D 0000 DC 30 KM 0 00000 00X U0 D0 30000 0 000K K003 00K 30600 0K KK 060X KX N X
CLADDING WATERIAL IS IIRCALOYe?

CLADDING QUTSIDE DIAMETER, CHMEIN,)Y 1, B8E«00(5,04Ew01)
CLADDING INBIDE DIAMETER, CMEIN,) 1.O9E+00 LU, 30E=0])
CLADDING THICKNESA, MMEIN, ) A U0E=01(3,Y0E=0Q)
CLAD ARITWMETIC MEAN ROUGHNESS,  MMIMILS) 1 14E=03(4,5%0E=02)
DIAMETRAL QAP THICKNESS, MMMTLE) 2,39E=01(9,00E+00)
FUEL PELLET DIAMETER, CHMLIN,} 1. OTE+00(4,21EmDY)
FUEL PELLET LENGTH, CHEIN,?Y L 2TE+00(S,00EeD])
FUEL PELLET DIGN DEPTH, MMCIN, ) 0. (0. |
FUEL PELLET DIBM SHOULDER WIDTH, MM{IN,} 0, (o, |
FUEL PELLET DIMM SPERICAL RADIUE, CHM{IN,)} 0, (0. )
FUEL PELLET CORE RADIUN, MMCIN,) 8,09E~0113.50807)
FUEL PELLET GINTERING TEMPERATURE,K(F) L. O9TE+03(3,09E403)
FUEL PELLET TRUE DENBLITY, PERCENY 9,508+018

FUEL YOLUME, CUMECU,IN,) 4, ,9TE=05(3,03E+00)
FPUEL ARITHMETIC WEAN ROUGHNENS,  MW(MILE) 2,16E=03(8,50E=07)
FUEL STACH HEIGHT, MiFT, ) 8, 70E=0101,87E400)
FUEL DISM VOLUME FRACTION, 2,77Ee02

PUEL ENRICHMENT, WEIGHT PCY 1.,00Fe0}

FUEL FIBSION ATOMB/100 PISDIONS, 1,00Ee01

FUEL WATER CONCENTRATION, (L] b,

PUEL NITROGEN CONCENTRATION, PRN b,

PLENUM LENGTHM, CnglIng,) 2.50E400(9,04E=01)
PLENUM BPRING DIAMETER, CMLIN,) T.62E=01(3,00E=Q1)
PLENUM BPAING WIRE DIAMETER, MMLIN, ) T.b28=01(3,00E=02)
PLENUM SPRING VOLUME, CuMeCu, INg) 0, (0. )
PLENUM VOLUME, CULMICULIN,] 2,34E=08(1,43Ee0))
PLENUM SPRING TURNS, Ca

00 TOTAL ¥YDID VOLUME, CUMICU,IN,) &,06E=08(3,T0Ee0Y)
ROD INTERNAL  MELIUM PREQIURE, HPA(RELA) 1403E=0101,5CE+01)
ROD CAUD THICKNEARS, LLIGHE B 2,56E=0201,00E¢00)
CMANNEL EQUIVALENT DIAMETER, CHMEIN,) 1.92E+00 (b, 00Ee0t)

Figure A-6. Initial dimensions.



TASLE A-3 MOUEL OPTIOUN INDICATOR

example:
UPTIONS 7 21 0 0 C 0O CO
number 1 2 3 &4 5 6 7 8 9
tach number is cgesigned to signify a model option.
The first number indicates the radial power profile option choice

=iy LASER generated! PWR uwranium enriched

=2y LASER generateas BWR uranium enriched

=3s LASER generated: PwR plutonium enriched
=4, L ASER generatec: Bwk plutonium enriched
=by User supplied radial power profile

=6y FLUXD computed profile with zero enrichment

=7, FLUXD comrputea profile with enrichment greater than zero
Tne second number indicates the gas release option choice?

=1, Beyer—-Hann with NRC high burnup correction
=2 Beyer=Hann without NRC high burnup correction
=3 ANS 5.4

=4y bBooth ditfusion

=5, GRASS or FAST-GRASS

The thirg number indicates the mechanics cption choice.

=1s PELET/RADIAL
=2y FRACAS-I]
=3, FRACAS-1I

The remainder of the numbers are not presentiy used.
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29¢

POWER=TINE TIME
atTEP (HRE) (DAYR)
i 1.8 .08
a L 18
3 5,4 23
L T2 «30
3 9.0 38
[ 10,8 45
T 1d.6 %3
8 fda0 a0
L} 1ee2 bl
10 18,0 « 1%
t1 19,8 33
12 %0

2.0
THE BTORED EINERGY

PLOTS NOT REQUEDTED

I8 NORMALIZED 10

XX 00X XX X XX XN ANANX AR A XX K

wuan FRAPCON wwww

STEADY=BTATE FUEL ROD ANALYS1S CODE
“0D 002 VERBODI

27710780

COOLANT PRESBURE

(MPA)

3.i8
J.a8
3. a8
3,458
5,49
J.u8
3. a8
I u%
3.4%
J.48
J, a8

X

X

x

X RUnN DATE »

¥ 1FA«432, ROD 1

¥

PONER

(Kusmy (KW/FT)

J.28 1,00

[ %11 2.00

.84 3.00
13.12 400
1hedd 5,00
19,49 600
22.97 T.00
2. 2% 8,00
29.53 9,00
2.8 10,00
.09 11.00
19,317 12,00

3,49

TY.00 DEGREES F

Figure A-7.

MAT PRO ™OD 11}

REV 1

OPFTIONS 52100000 PAGE

(ra14)

S00,
%00,
500,
%00,
$00,
500,
5049,
Sod,
sou L]
800,
500,
500,

Power history.

COCLANT INLET TEMP,

L)

513,
51},
513,
513,
513,
$1},
%13,
S13,
513,
53,
S13,
513,

X
X
X
2 X
X

2050000600000 000 0 X 00 0000000000000 30000000 000000630 N0 006300000 0 X0 X X X

(F)

Gbi,
LT
Wbi.
TN
s,
dbi,
Had,
['T.1'
dnify
dbd,
dad,
dba,

CUCLANT MABS PFLUX

(KG/BuMen)

(LBM/HR=FT2)

0s
Qs
0.
0,
0,
0»
0,
0
0,
0,
°I
Oy



£9¢

300000000 D000 000300 000K N0 MR XN XXX XA AAA KX
shww FRAPCON swnn
STEADY=RTATE FUEL ROD ANALYDIS CODE
MOD 00 VERBOOL MAT PRD MOD 11 REV |

RUN DATE = 27710780 OPTIONS S2100000 PAGE 3
X IFAa=u3l2, ROD 1
3000000000000 3000036 9000006 3 00006 00030000 00X 06000006300 0 000K 00030306 X0 M X X

AXXAXARXAXNAXNENA  AXIAL POwWER BHAFE INFORMATION NXXXMXXXXXXXXXX

L MO M et MO

AXIAL DIBTRIBUTION IS INPUY ROD AVERAGE POWER I8 INPYYT NUMBER OF axliL NODER® &
xt$% IN FEEY
XNOMOOOAXXXAAXANAXKY  INPUT ANIAL JHAPE NUMBER 1 X000 X000 XXX X X
Xt 1)a f,0000 it 2= 2900 Xt = «S410 i de 9330 Xt S)w  {.2410 x{ s)» |,85%00 X( Ti=
Xt 8ys ,8700 X
Fec 1)e «5800 OF( e 4700 GFC 31w «T810 QF( 4)m B620 QF{ X}w 9170 GFE 8)m 680 GFL Tm
AF¢ B8ys 1.,0000 OF¢
INCREMENT AXTAL BTATIDN UNNORMALTZED
FERT METERYD WEAT FLUX
1 2358 07128 NILY
4 7013 a1 374 «513)
3 1.1088 «J%024 » 9037
') 1ab30}3 +U0873 WF742
AVGR] » 239083
NORMALIZED WEAT FLUX AT TOP OF JTACK w 3080
THE KRaADIAL POwER PROFILE FROM TWE QURFACE TO THE CENTER LS
RAPOM (L YO $1) m f.1830 1.137% 1.095¢0 1.,08%0 1,0180 «988%0 «95%0 29270 £ 9020 8800
Rily,1m1,11 . 21903 «1908 «1887 1749 1844 +1507 « 1397 1188 + 0981 0743
XXWARAAAKY  INITIAL PLENUM GABES (MOLER) xxxaXXxixx
Al = 9, NITROGEN ® 0, ARGON & 0, FIBsiON GAS = D, HELIUM =

ROD AVE BURNUR AT ENC OF LIFE (AMWDT) = 21.0
ROC TIME AVE WEAT FLUX (QBAR]) 3 {dsluT,

GAs LOOP ITER = i PRESOURE LABT TWL LOOPS 24,08 26,77
TIME EXPIRED IN PELET = 2953

TERO PORER CLADDING AXIAL EXPANSION (ROUM TEMPERATURE REFERENCE}, MHiIN) Wbl ( »0240)

Figure A-8. Power profiles.

1.8580
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Starting with Page 4 the output is generateg by the code as it
runs the simudation. For each time step, there will be a page
describing the state of the fuelt rod for each axial region {(Figure A=
9y a summary page (tigure A-10)., The output for each axial node
contains such things as fuel roo linear heat ratinygs burnugs, time in
reactors temperatures and dirensionss gas conductivitys, gap size and
conguctancer stresses and strains in the claaging» and pellet-claading
interfacial fressure, If the PELET option is usedsr the effective fuel
elastic moduli and the calcuiatea fuel thermal conductivity

degradation tactor are also output.

The summary fpage includes information on the volumes and
temperatures used in the g¢gas rpressure calculation, fission gas release
and a complete summary for all the axial nodes. This summary for each
axial node includes claduing stressessy, total strains and permanent
strains, fuel centerline temperatures, fuel average temperature,
cladding temperatures coolant temperature and the stored energy in the

fuele Finallys tne ctédding axial expansion is provided.

if the ANS-5.4 fission g¢as release model is useds a table ang
plot of fission gas release fraction versus half-life is output for
the shorter half-life "radicactive"™ gases (Figure &-111%., This page

precedes the other output pages for that time step.

ror the final time steps final summary pages are provided
(Figures A=12» A-13}. This summary contains information of interest

With respect to peak porer segment values for each time stepe.

4o JOB (UNTROL LANGUAGE Fuk (DC CYSER

The Jjob control cards necessary to run FRAPCON-2 on CDC CYBER

computers are listed below?
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00006 N 006 36 20000606 2000000 06 00000 06X 000X 000002000 0 KX X X

wnwn FRAPCON swwd X
H BTEADY=QTATE FUEL ROD ANALYDIS CODE ]
X “ap Dox vERSOG) #AT BMRO MOD 1) RV 4 X
¥ RUN DATE » 208/10/780 OPTIONG S3100000 PAGE X
X IFA=d33, RODO ) X
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JUBNAMES 20w

ACCOUNT» o v »
ATTACHAFKEPCUNZ» TAPE) iD=va W)
CUPYBFIFRPCUNZ2SFRAPCUN)
COPYBFIFKPCUNZSFRACAS)
COPYBF(FRPCONZPELET)
COPYBF{FRPCON2sAXISYM]
COPYBF{FKPCON2s MATPRU}
CUPYBF({FRPCUN2sGRASS)
COPYBF(FRPCUNZ2»FGRASS)
CUPY3F(FRPCUNZ,PLUT)
CUPYBF(FRPCUNZ2»SEGDIR)
RETURNCFRPCONZ }
UPDATE(P=FRAPCON,C=CFRAP,F)
FTINCL=CFRAP,»B=BFRAPsR=2,T)
UPGATE{P=PELET»C=CPEL,F)
FINCI=CFRAC, B=BFRAC,k=2,T)
UPDATE(P=PELET»C=CPELsH}
FINCI=CPEL,»3=BPEL,R=2,T}
UPDATE{P=AXISYMyC=CAXIS,F)
FIN(CL=CAX1IS»B=BAXIS,R=2,T)}
UPDATE(P=MATPROsC=LMAT,F)
FIN(I=CMAT»B=BMAT,R=2,T)
UPDATE(P=GRASS»(=CGKAS»R=2,T)
FIN({I=CGRAS»B=BGRASSR=2,T)
UPDATE(P=FGRASS»C=CFGRAS,F)
FIN{I=CFGRASs»B8=8FGRASsK=2,T)
UPDATELP=PLOT,L=CPLGTsH)
FTN{I=CPLOT,»B=BPLETsR=2,T)
REWIND»BFrRAPSBFRACSBPEL,BAXISsBMAT,BGRAS»BFGRAS,BPLOT,
COMMENT. THESE BINARY FILES MAY NOW BE
COMMENT. COGPIED QUT TO PERMANENT STORAGE
REWINDSSEGLIR.

MAP{PART}

RFL5»320G000.
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COMMENT.
COMMENT.,
COUMMENT,

THE RFL CARD WILL VARY FrRCM MACHINE
T3 MACHINE AND DEPENLING ON THE INPUT
PARAMETERS SPECIFIED

SeGLOAD(]1=5EGDIRsB=FHAPGD}
LUAD»BFRAP sBMAT puwus

CUMMENT. BFHRAP AND BNMAT ARE ALWAYS REQUIRED
COMMENT. BFRAC IS KEQUIRED FOR FRACAS-II
CUMMENT. BPEL IS REQUIRED FOR PELET.
CUMMENT. BGRAS IS RECGUIRED FUR GRASS,
COMMENT. BFGRAS IS5 REQUIRED FCR FAST/GRASS
COMMENT. BAXIS IS RECLUIRED FCR AXISYM
CUMMENT. 8PLOT IS KECGUIRED fOR PLOTS

NOGO.

COMMENT. FRAPGOD MAY EE COPIED OUT TO PERMANENT
CUMMENT. STURAGE TL SAvE RELCADING EACH TIME.
FRAPGUsPL=100U00.

*EOR

*EQR

*EOR

*E0OR

#£0OR

*EQR

*¥EQ0R

*EOR

*£UR

DATA STREANM

*EOF

If the different files are copied out to permanent storage as
suggested by the comment cardss the sequence of job control cards can
be begun with the FRAPGO card in succeeding runs. An RFL card will

always be neededs however.
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APPENLIX B

MATERIALS PRCPERTIES CURRELATIONS

EMPLOYED EY FRAPCON-2

A materials properties subcode is used to provide the
camputational subcodes of FRAPCUON=2 with g¢gass fuels, and clacding
materials properties. Those properties used by FRAPCON from Keference

3 are presented in Table B-1.

Table bt-1. MATERIALS PROPERTIES IN MATPRG USED BY FRAPCON-2

Property Subroutine

ruel Material Properties

Le Specific Heat CapacitysssssssssasssasaascansanssenscnssefCP

2« Thermal Lonductivityseessoosvsosssevsscsacsencsascesnanses FTHCON
3. EMissSivVitlyusesoessssonsvscsnassasennasnenssnssnsssasvassFEMISS
e Elastic MOduUuluUSessevesevasessvrasesnssvcsnassansenesrses FELMOD
5. Thermal EXPAaNSiONecssssasssscsasasancansasasasssssscanskF THEXP
Gs POISSON'S RatiOesssnavseveasscesnscnscsnsnscnvensonseneasfFPOIR

7Te Fuel SWelliNQeessevsossocnnrsvseassssessoavscnsenenaennsesSWELL
Be DensificatiONessessssossvcsscnsosssvovsssnnsesnseassavas FUDENS
Fe CesiumM ReleaSeeesssnsunnsosssssascsscssesssssssnncssasasessCESIOD

10+ Iocine Reiease-..-........-.....-...........--........CESIDD
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Taple 8-1 {(continued].

Claddiny Material Profperties

le Axial Growthesssssessosssssnsescssacssscnsscsansccssees CAGKEW
2. Thermal Conductivityoesessenosanevsscesssanscosveseecnaeas CTHCON
3, Zr-Uxide Thermal ConductivVityeseoscesessvacsoncscaenenslLTCON
4, Surface tmMiSSiVityYseessovsoosanoososvsonssasssnensensal DEMIS
5. Thermal Expansion {Axial and HOOP)leseessasanssanasronasl THEXP

De Plastic Deformation....-.-.........-.......-.....o....CSTRES
........".................‘.....“..."'..........'..CSTRAN
a-o.con-.o----co.:nuo--o-o--c-aoooooo-u--.--.oo.o-ooo-CSTRNI

cecsssessasessenessesesanseearsnasvsnssessvessnaessannssCANISE
7« Eilastic MoOduUlUSesseannenasonsoscscesnsnssnenennsnacsasnssCELNFOD
8, ANNeal iNgessssenscsssensrcssnsnassssnsosnsasssssascsecss CANEAL
Qe POiISSON'S RatiOeevssessascssssesonssnsonsassncanesenes CPOIR
10+ Hydrocgen Uptakesansvsoassnsossosvssnassencscsanssnasssans s CHUPTK

1ls Meyer HargneSSesscessosessacrsmtsnsnsssavnsvennvenansneceslMHARD

Gas and fuel Rod Material Properties

l. Gas Thermal CODdUCtiVity-co-ott.-ocoanoa.noooooon.---nGTHCON
2. Gas ViScosityo.--.-.........-.-a-.-.---.--o-----.-o---GUISCU

3. Physical ?roperties...-..........--.....-.-...........PHYPRP
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APPENLIX C
SUBROUTINE RELATIONS TG MODELS

The information contained in Appendix C provides the user with
assistance in refating subroutine names with the function performede.

Figure L-1 presents the FRAPCON~2 suproutine relations and heirarchy.
l. Interaction of Subroutine RADIAL wWith Other Subroutines

As noted in Section 2.4.2» subroutine RADIAL takes fuel
temperatures and fuel/cladding dimensions as input ang produces vaiues
at zach axial node for the fuel thermal conductivity degradation,
effective gyap sizes and effective fuel elastic moduli. Figure C=2
lists these items and the FORTRAN variable name, and shows to which

subroutine they go.

As showns the fuel=clagaing gap size (DG) and the fuel-cladaing
interfacial pressure (PEG) to the gap <conductance calculation in
subroutine GAPRS. The interfacial pressure additionally goes to the
mechanical interaction calculation in the PELEY subcode to subroutine
ASULVEe. The fuel radial and axia) effective elastic moduli come into
PELET to the subroutines STIFF and STAFXL.

The degrading factor on the fuel thermal conductivity (CFAC) goes
directiy to the fuel pellet radial temperature calcultator (DDLF) where
it modifies both the MATPRO conductivity and its derivative with

respect to temperature.

2., Interrelationship of Subroutines in the PELET Subcode
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* FRACAS --—~-—= FCMI ===mmmme-s CLADF =--- STRAIN

: ! CREPR
! v CLOSE GAPT  ——-—m-an CLADF
; ==~ COUPLE ------- STRAIN
: : ~-- 5TRESS
! : C-- CREEP -—-—---u CRAP
. L-- STACK -------- CREEP
i .- STRAIN
| -~ STRESS
- FCMI2 =m--- === CLOSEX ------- GAPT ~---mm-- RATID
e GAPTYX
Lev RATIQ =r-v-mm- PELLET ------- AXRACH --=- CRIIP
- FCRNCH
i~ STRAINX
- STRESSX
- TRAKSF
*PELET -----, - TEMPA
-—- TEMPB
TEMPC
TEMPD
-~ 1NPAXL
.- INPUT
 _— KREEP -—-—y--- RATE ———nomn SORTP
. EFFECT
L~ STIFF
L BOUND
Lo SOLVET ~————-— DMCHB
L~ LOAD
L_- STRES
L - STFAXL
L - ABOUND
Lo~ BSOLVE ------- DMCHB
t-- ALOAD
L_- ASTRES
*FAILUR -—--e- FRAIL ---——- MELT
- EUMELT
beae BFRAC -——-o-- FSIGT ----r-~ CMLIMT
! L. BDTR ---—- r-- DLGAM
: L.. COTR --p- DLGAM
H L. NDTR
== CRAKF ---o--- 5CC
) l-e= CCRAK ---—-- BOTR
: Lo CSRUPT
- LCFF
==~ HCFF
- CRERUP
== FLOBLK --~--- BURST
r-- BOTR
L. FBLOK
* AXDRIY --—-r— AN[ZIN
reo AIINDL ----mn- 7C0R
F-- AXILDO ----ee- TF
-~ AXSCRP
B S FAEEEEE r-=~ NULOAD ----p=- GAPSEM ——-ec-- XGAPSM
! F-- ELMY
i f--= XLFRC
i -~ RADFRC
H L-- KTIE
-~ ELAST
L-- SIGCLE
t-- GPFORC
-~ CLOSAX
L}
! - NULOAD
f-- XLLDK
-~ AXPLAS ------- STRESSX
i -~ STRNAD
H --- GAPADD
i -~ ELAST
H SIGCLC
H LRIIPX
H FPRESS
F-- STRAINX
r-- EBCALC
Fee AXIOUT -m-op-- AXIZIN
: --- STRSAV
: --- STRNAY
: "-- IFPRES
Lo STRHAD

Figure C-1 {Cont.) FRAPCON-2 subroutine relation and
heirarchy.
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FORTRAN
VARIABLES —

RECEIVING
SUBROUTINES

FUEL TEMPERATURES

l

SUBROUTINE RADIAL

/N

GAP SIZE INTERFACIAL FUEL ELASTIC FUEL THERMAL CONDUCTIVITY
{DG) PRESSURE (PRG) MODUL1 (ERAD, EAX} FACTOR (CFAC)
— o GAP CONDUCTANCE FUEL-CLAD FUEL STIFFNESS PELLET TEMPERATURE
(GAPRS) LOADS (ALOAD) (STIFF, STFAXL} CALCULATIONS (DDLF

Figure C-2. Relation of subroutine RADIAL to other
subroutines.



Radial Axial

Mode | Model

Function Subroutine Subroutine

Set up element and global STIFF STFAXL

stiffness matrix

Lpply boundary conditions BOUND ABOQUND

ang constraints

Lalculate neooal point loads LOAD ALTAD

Coordinate scolution SOLVET ASOLVE

Perform solution of lcad- DMCHB OMCHB

displacement equations

Calculate incremental and STRES ASTRES

total stresses

Note that the entire KKA loop is repeated for each creep substeps
the agifference being that the CREEP-EFFECT-RATE subroutine series is
called first to provide creep displacements and a translation of these
to initial strains, which are treated within ALOAD/LOAD just like

thermal strains.
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The PNL fuel <cladding mechanical interaction finite element
calculation is performed in the PELET subcodes which is a collection
of over 20 subroutinese. PELET calculates incremental stresses and
strains in fuel and cladding each time steps and accrues these in
total stress/strain arrays. In this section we will show how the
PELET sutroutines relate to one another. A flow chart showing the
basis logic of PELEY and the heirarchy of subroutines is given in

tigure C-3.

PELET first calbs INPUT ana INPAXL (once per case) to set up the
node ana degree of freedom numbering seguences for the radial and
axiail nogels, respectively. PELET then calls TEMPA, TEMPB, TGEMPC and
TEMPD to calculate current temperatures to be assigned to each of the

finite elements.

Then the elastic/plastic NKN loop begins. For NKN=ls elastic
ingremental calculations are performed; for NKN=2, <creep andy, if
necessarys plastic deformations and corresponding stress corrections
are calculated. A subloop (the ITI loop) is executed for NKN=2 only
it the c¢reep time step must be subdivided ¢to accomplish the

calculation.

within the NKN loop resides the axial/radial loop (the KKA loop)
which coordinates the radial/axial chained calculation. For KKa=1,
the axial moael calculastion is performed; for KKA=2, the radial moaels
representing each axial node are executed.

within the KKA loop resides the axial region loop (KA loop) which
runs through alt the axial regions of the rode Within this loop
reside the cails to radial-model subroutines. The function of the

various subroutines within the axijal and radial mcdels are listed

below.
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PELET FLOWCHART

INPUT/INPAXL

TEMPA TEMPD

i

ELASTIC/ AXIAL/ AXIAL/ RADIAL CALCULATIONS
PLASTIC RADIAL NODE

LOOP LOOP LOOP STIFF

BOUND

SOLVET
LOAD
DMCHB
STRES

AXIAL CALCULATIONS

STFAXL

ABOUND

ASOLVE
ALOAD
DMCHB
ASTRES

CREEP
EFFECT
RATE

Figure C-3. Heirarchy and sequence of subroutines within the
PELET subcode,
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