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ABSTRACT

FRAP-S3 (Fuel Rod Analysis Program - Steady-State, Version 3) is a

FORTRAN IV computer code which c'an be used to solve for the long tenn

burnup response of a light water reactor fuel rod. The coupled effects'

*

of fuel and cladding deformation temperature distribution, internal gas

accumulation and pressure and material property on the behavior of the

fuel rod are considered. Fission gas generation and release are calcu-

lated as a function of burnup. The cladding deformation model includes

multi-axial elasto-plastic analysis and considers creep. A fuel rod

failure subcode, is included which checks for various modes of failure

based on the operating conditions.

A material property subcode, MATPRO, which is used to provide gas,

fuel and cladding properties to the FRAP-53 computational subcodes is

coupled to FRAP-53. No material properties need to be supplied by the

code user.

FRAP-53 is a modular code with each major computational subcode

isolated within the code and coupled to the main code by subroutine

calls and data transfer through argument lists. A major purpose of

FRAP-S3 is that it can be coupled to versions of the transient fuel rod

code, FRAP-T. FRAP-S3 generates a set of initial conditions used by

FRAP-T to initiate analysis of transient accidents such as Loss-of .

Coolant (LOCA), Power Coolant Mismatch (PCM) and Reactivity Initiated

Accidents (RIA). The code is presently programmed and running on the

IBM 360/75 and CDC 7600 computers.

1568 314i
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SUMMARY

FRAP-S is a FORTRAN IV computer code developed to describe the
,

steady state behavior of nuclear fuel rods during long-term burnup
conditions. FRAP-S includes the coupled effect of thermal, mechanical,
internal gas, and material properties response in the analysis of fuel
rod behavior. This code is part of a continuing development program by
the Nuclear Regulatory Comission designed to produce analytical tools
for accurate prediction of nuclear reactor system behavior during normal
and abnormal operating conditions. The code described in this document
(FRAP-S-MOD 003) is the third in a series of fuel rod codes planned for
periodic release, with each succeeding version incorporating the most
recent advancements that have been made in fuel rod response analysis

models. The code is presently programmed and running on the IBM-360/75
and CDC 7600 computers. A transient fuel rod analysis code, FRAP-T, is
being ceveloped at the Idaho National Engineering Laboratory to accept
history dependent initial conditions from FRAP-S to initiate an off-
normal transient. Both codes are being developed with common subcodes

and compatible input-output features.

FRAP-S 3 is a modular code. Each type of computation, such as the
internal gas pressure computation, is performed by an analytical model
programmed in a separate subcode or subroutine. Tnis configuration is

designed to allow maximum flexibility in developing and modifying the
code with minimum impact on the unmodified portion of the code.

A major subcode of FRAP-53 is 'iATPRO. This subcode is composed of

modular function subprograms and subroutines which define the material
properties required by the computational subcodes of FRAP-53 Each . .

function subprogram or subroutine defines only one material property.

This document describes the FRAP-S3 code and its input instructions.

O
ii
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FRAP-53 A COMPUTER CODE FOR
THE STEADY-STATE ANALYSIS

OF OXIDE FUEL RODS

I. INTRODUCTION

FRAP-53 (Fuel Rod Analysis Program-Steady State, Version 3) is a
FORTRAN IV computer code developed to describe the steady state and
long-term burnup response of oxide fuel rods in light water reactors

(LWR). In addition, the code is designed to generate parametric data
required as initial conditions for transient accident analysis using

EI)versions of the transient analysis code -- FRAP-T This effort is.

part of a safety analysis code improvement program being sponsored by
the Office of Water Reactor Safety Research of the Nuclear Regulatory

Commission (NRC).

The code described in this report (FRAP-S MOD 003) is the third of
a series of steady state fuel rod codes planned for release at intervals

with each succeeding version incorporating the most recent advancements
made in fuel rod response analysis models.

FRAP-S3 is a modular code with each type of computation and analyt-

ical model, such as internal gas pressure, contained in a separate
module or subroutine. This configuration is designed to allow maximum
versatility in development and to permit modification of a module without

impacting the unmodified portion of the code.

A major subcode of FRAP-S3 is MATPR0b43, see Appendix E. This

subcode is comprised of modular function subprograms and subroutines
which define the material properties required bj the computational
subcodes of FRAP-5 3. Each function subprogram or subroutine defines a
single material property.

1
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The FRAP-S3 developmental process includes two separate verification
efforts designed to test the analytical capability of the code - Developmental

'

Verification and Independent Verification. Developmental Verification is an
ongoing verification process whereby model additions and changes are checked

'

for both model correctness and for any perturbation of the overall computer
code. Independent Verification is a verification process which takes place
after a code version has been frozen to future changes and involves comparison
with a large amount of fuel rod response data.

This document describes the FRAP-S3 code, the models used in the

code, and examples of code input and output. Section II describes the
purpose of the code and the general methods by which the objectives are
achieved. Sections III and IV cover the analytical and correlative
models, respectively. Section V describes the computational flow of the

,
code and presents a detailed flow diagram of the code for clarity.
Appendices contain a user input manual (Appendix A), a FRAP-S example

~ problem (Appendix B), a problem illustrating the FRAP-S link to FRAP-T
(Appendix C), and a description of the configuration control procedure
used at EG&G Idaho, Inc. to document analytical codes (Appendix D).

.

O
~
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II. PROGRAM SUMMARY DESCRIPTION

The FRAP-S code is being developed to predict the behavior of fuel

rods during long-term irradiation and to calculate initial conditions
for transient accident analyses performed using the FRAP-T code. The

program calculates the interrelated effects of fuel and cladding temper-
ature, rod internal pressure, fuel and' cladding deformation, release of
fission product gases, fuel swelling, cladding thermal growth, cladding
corrosion, and crud deposition as a function of time and specific power.
Calculations can be performed for rods which are expected to experience
varying axial power distributions as well as rod power level changes
with time and/or burnup or changes in core system conditions. Parametric

fuel rod design studies can be performed by varying as-fabricated rod
dimensions or specifications. Printout for up to 15 axial rod increments

and for 69 power / time steps can be obtained for each case.

1. RESPONSE MODELS

FRAP-53 contains models which calculate the following quantities as
a function of irradiation time:

(1) Coolant bulk and cladding axial temperature distribution

(2) Temperature distribution in the fuel pellets at eleven radial
nodes and up to 15 axial increments

(3) Zircaloy cladding corrosion and hydriding at each axial incre-
ment in either a boiling water reactor (BWR) or pressurized
water reactor (PWR) environment

(4) Fuel swelling, densification, and thermal expansion at each
axial increment and radial node

1568 321
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(5) Cladding irradiation-induced growth at each axial increment

.

(6) Elastic-plastic pellet-cladding interaction and contact pressure
at each axial increment

,

(7) Pellet to cladding gap and fuel crack gas composition and
thermal conductivity

(8) Cladding stresses and strains at each axial increment including
zircaloy cladding creep

(9) Krypton, xenon, and helium generation at each pellet node

(10) Total fuel rod gas release and internal rod pressure through
summation of the release in each axial increment and calculation
of the plenum, dish, gap, and crack void volumes and temperatures.

2. PROGRAMMING FEATURES

FRAP-S3 incorporates certain programming features which influence
,

its application to providing transient code initial conditions that are
dependent on prior operating history.

(1) Creep rates are applied over the time step after the code has
converged on the power of that time step.

(2) With respect to fuel cladding properties, as well as input
and output routines, the degree of modularization in FRAP-53
is equivalent to that exhibited by versions of FRAP-T. The
MATPR0 material properties subcode is called repeatedly by
both codes.

(3) Some of the other submodels in the code representing physical
mechanisms such as gas release and void volume calculations

1568 322
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are called by the control program but the interface is currently
functional rather than modular in nature. The calling sequence

uses a large common block to pass information to and from the
subroutines. A similar situation exists for the fuel swelling

model which is called from subroutine TEMP. TEMP incorporates

the analytical fuel rod temperature calculation, as well as
convergence control, and models for corrosion and cladding
stress.

.

(4) Where common mechanisms exist, the same physical models, such

as fuel thermal expansion and gap conductance, are used in
FRAP-S and FRAP-T.

Current plans are to increase use of modular programming in FRAP-S and
improve consistency of physical models between the FRAP-S and FRAP-T.

3. OPERATIONAL FEATURES

As an indication of how FRAP-S3 operated, the input features and
calculational procedures are given below.

3.1 Input Da ta Required

The input required for running the FRAP-S code is that collection
of data necessary to describe the fuel rod geometry, core thermal and
hydraulic conditions, and the expected irradiation history, namely:

(1) Fuel rod geometry (initial cold dimensions):

(a) Cladding material
J

(b) Cladding outside diameter

(c) Cladding inside diameter

s 1568 323



'
. .

.o .

(d) Pellet diameter

(e) Percent of UO theoretical density
2

(f) UO enrichment2
.

(g) Fuel stack length

(h) Cold pellet height

(i) Dish depth

(j ) Dish spherical radius

(k) Cold plenum length

(1) Hold-down spring (coil) diameter

(m) Hold-down spring wire diameter

(n) Total number of spring turns.

(2) Core thermal and hydraulic conditions:

(a) Primary loop system pressure

(b) Coolant mass flow rate

(c) Hydraulic diameter

(d) Core inlet water temperature.
.

(3) Rod power:
.

(a) Axial power distribution as a function of time

(b) Rod average heat flux or power as a function of time.

6
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3.2 Calculation Procedure

The FRAP-53 code iteratively calculates the interrelated effects of
fuel and cladding temperature, rod internal pressure, fuel and cladding
elastic-plastic deformation, release of fission product gases, fuel
swelling and densification, cladding thermal expansion and irradiation-
induced growth, cladding corrosion, and crud deposition as functions of
time and specific power.

The fuel rod power history is approximated by a series of steady
state power levels with instantaneous jumps from one power level to

.

another. The length of the rod is divided into a number of axial seg-
ments, each assumed to operate at an average set of conditions over its
length. The ar.ial flux (power) shape is input and may be varied as a
function of time. Fuel and cladding temperatures, fuel swelling, densifi-
cation, thermal expansion, cladding thermal and irradiation induced
growth, cladding stresses and strains, and fission gas releases are
calculated separately for each axial segment. The fission gas release
and fuel and cladding deformations are then integrated over the length
of the fuel rod and added to previous power step values to obtain the
rod internal pressure. This pressure is fed back into the fuel and

cladding elastic and plastic deflection calculations in subsequent
iterations. For purposes of evaluating thermal expansion, fuel swel-
ling, densification, and fission gas release, within each axial increment,
the fuel pellet is divided into ten equal-volume concentric rings with
each ring assumed to be at its average temperature.

A detailed coverage of the numerical solution procedure is presented
in Section V with program flow diagrams and subroutine interactions.

4. FRAP-S/FRAP-T LINK

One of the primary reasons for developing FRAP-S is to provide a
computational tool which is compatible with the transient accident

'
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analysis code FRAP-TU 3. For realistic evaluation of fuel rod response
during a reactor accident transient such as a loss-of-coolant accident
(LOCA), a realistic set of initial conditions, based on a real or hypo-

.

thetical reactor history, is required to initiate the transient analysis.
,

Consistent computational models in the two codes are required for a
smooth transition between the predictions of the two codes at initiation
of the transient. The sample problem described in Appendix C shows the
result of small discrepancies between similar models in FRAP-S and FRAP-T.

These discrepancies presently are being removed in the development
process.

The link between FRAP-S3 and FRAP-T is accomplished by having
FRAP-53 generate a magnetic tape containing FRAP-S2 calculated information
in the format of a FRAP-T restart tape.

The following data Tre stored on tape and passed to FRAP-T as
initial conditions for each axial node specified:

(1) Gap pressure (vector)

(2) Fuel rod outside diameter (vector)

(3) Radial gap thickness (vector)

(4) Crack volume per unit length (vector)

(5) Interfacial pressure (vector)

(6) Rod surface heat flux (vector)
.

(7) Fuel outside radius (vector)
.

(8) Axial cladding strain (vector)

(9) Radial cladding strain (vector)

8
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(10) Length change of fuel stack

(11) Area of the top pellet

(12) Length change of the cladding

(13) Total moles of gas in the rod

'

(14) Temperature distribution (vector)

(15) Node location (vector)

(16) Fuel displacement due only to swelling (vector)

(17) Cladding creep strain (vector)

(18) Cold gap thickness

(19) Mole fractions of fuel rod gases.

'
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III. DESCRIPTION OF ANALYTICAL MODELS
.

*

The major analytical models of FRAP-S3 describe fuel rod behavior ,

in the following response regimes:

(1) Fuel rod temperature

(2) Fuel rod internal gas pressure

(3) Cladding deformation

(4) Fuel deformation

(5) Fuel-cladding interaction.

The equations and models used to describe these response regimes

are covered in this section. Each subsection first lists the assumptions
and then describes the models. Asterisks (*) mark those assumptions
representing known model simplifications for which tasks presently are
under way to develop more advanced models.

1. FUEL R00 TEMPERATURE

*
The fuel rod temperature distribution calculation involves models

which yield film, crud, and cladding oxide temperature drops; gap temper-
ature drop; coolant temperature; cladding temperature; and the fuel
temperature.

.

1.1 Assumptions

The calculation of the fuel rod temperature distribution is based
on the folicwing assumptions:

10 '
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(1) No axial heat conduction

(?) No circumferential heat conduction *

(3) Steady state boundary conditions during each time step

(4) Gama heating effects are negligible.

1.2 Fuel Rod Surface Temperature

The fuel rod surface temperature is calculated by first finding the
coolant temperature and then suming the temperature drops due to film
and crud.

1.2.1 Coolant Conditions. FRAP-53 perfonns a single, closed
channel coolant temperature calculation at each axial node along the rod.
Bulk temperatures at these positions are determined according to the
following expression:

z

T (z) = Tin + 4 " (z) /(C GD ) dz (1)9b p e

o
where

T (z) bulk coolant temperature at axial position (F)=
b

inlet coolant temperature (F)T =
in

2q''(z) rod surface heat flux at axial position (Btu /hr - ft - F)=

heat capacity of the coolant (Btu /lbm - F)C =
p

2coolant mass flux (1bm/hr - f t )G =

unit flow channel heated diameter (ft).D =
e

1568 329"
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The rod surface temperature at axial elevation z is taken as the
minimum value between the following expressions:

T,(z) = T (*) + AI (t) + AT IZ} ()
b f c

+ aT WT,(z) = Tsat g,g,

where

rod surface temperature at z (*F)T,(z) =

forced convection film temperature drop at z (*F)aT (z) =
f

crud temperature drop (*F)aT (z) =
c

coolant saturat. ion temperature ( F)T =
sat

nucleate boiling temperature drop (*F).aT =
J.L.

The forced convection temperature drop across the coolant film
layer at the surface of the rod is based on the expression

aT (z) = q"(z)/h (4)f f

where h is the Dittus-Boelter[5] film conductance; and
f

.

R .8 0.4 (5)
0

hy = (0.023k/D ) p
e ,

where

conductivity of the waterK =

equivalent diameter of the coolant channelD =
e

12
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and

6

oT * 9"II)c
C

where

crud thickness6 =
c

crud thermal conductivity (0.5 Btu /hr-ft 'F)k =
c

Reynolds numberR =
e

Prandtl number.P =
r

The nucleate boiling temperature drop is based on the Jens-Lottes[6]
formulation:

J.L.(z) = 60 [q"(z)/10 3 25/e(P/900) (6)60AT

where

system pressure (psia).P =

No additional temperature rise occurs due to crud deposition because the
coolant is assumed to boil through the crud blanket.

In the case of zircaloy clad rods, the rod surface temperature
applies to the Zr0 surface temperature.

2

1.2.2 Zr0 Temperature Drop. For zircaloy clad rods, the tem-
2

perature drop across the zirconium oxide layer at axial station z is

detennined by the expression

1568 .331
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(}aT I)" "( ) Zr0 (z)/kZr0Zr0
2 2 2

where
.

oxide thickness at axial position (ft)
Zr0 (z)5 =

2

k oxide thermal conductivity (Btu /hr-ft *F)
Zr0

2

1.3 Cladding Temperature Drop

The cladding temperature drop for an axial location is calculated
according to the expression

aT = q"(z) R in (R /R )/k (0)clad g g j clad

where
,

cladding outside radius (ft)R =
g

cladding inside radius (ft)R =
g

temperature and material dependent thennalk =
clad

conductivity of the cladding (Btu /hr-ft- F).

1.4 Gas Gap Temperature Drop

FRAP-S3 contains two different gap conductance models. The first
E3 and the second is a modificationis based on a cracked pellet geometry

E model.of the Ross and Stoute

O
14
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1.4.1 Cracked pellet Model.

Assumptions:

(1) Nonuniform geometry of the opan gap between the fuel and
cladding

(2) Both plastic and elastic deformation occur at the fuel and
cladding contact points when the gap is closed.

.

A gap conductance model was developed for use in the FRAP codes

which models the crack'ed pellet geometry of the open gap between the
fuel and cladding as well as the contact conductance when the gap is
closed. The model has been compared with experimental data to determine

the correct value of the various constants. This section presents an
abridged treatment of the cracked pellet gap conductance model (see

Reference 4 for more detail).

(1) Open Gap. If the fuel and cladding are not in contact
an eccentric cladding-fuel geometry is assumed. The fraction of the
pellet circumference in contact with the cladding is considered to be
governed by the equations

I +a (9)F= _ .

,2 4
100 a0

a +al 0 3
F

. .

and

+a =1 (10)4

"
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where

'

F fraction of pellet in contact with the cladding=

diametral gap (in.)AD =

hot diameter of the fuel pellet (in.)O =
p

a , a , a , and a empirical constants determined from data.=j 2 3 4
.

The constant a represents the minimum fraction of pellet-cladding
_ 4

contact for large diametral gaps. The form of Equations (9) and (10)
permits a very large fraction of pellet-cladding contact for a small
calculated diametral gap. The justification for this fann of the equa-

tions is that the cracks (radial and circumferential) that form in the
fuel pellets will not close appreciably until the gas gap is closed.
Thus the actual gas gap will close before the calculated gap. The cal-
culated gap is the equivalent annular gap.

Heat transfer across the gas gap is considered to occur by con-
duction through the gas in the open gap plus zero pressure contact
conductance times that fraction of the gap circumference with pellet-
cladding contact. Radiation heat transfer across the open gap is assumed
negligible, since reasonable gaps are always small and thus sufficiently
large temperature differences between the fuel and cladding do not exist.
Heat transfer across the gas gap is therefore calculated from the equation

h =-(1 - F) h) +Fh (II)gap 2

where

net gap conductance (Stu/hr-ft 'F)h =
g3p

h) open gap conductance (Stu/hr-ft - F)=

16
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2h
2 zero pressure contact conductance (Btu /hr-ft - F).=

The open gap conductance is determined from equations

k
I

h) i*g (12)= -

3p

and

ar'=(rj+r)/2 (13)2

where

kmix = thermal conductivity of gas mixture (Btu /hr-ft 'F)

t.r ' average radial gap thickness of eccentric gas gap (ft)=

root mean square of the fuel . cladding surface roughness6 =

A value of 14.4 x 10-0 ft is normally used

r) hot calculated inside radius of cladding (ft)=

2 hot calculated radius of fuel (ft).r =

(2) Closed Gap. When the fuel and cladding are in con-
tact, the theory of thermal contact conductance for ceramic fuel elements
developed by Jacobs and TodreasE93,isused. The governing equation for
contact conductance is

k. -

h = C) p" + *{* (14)gap
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where

net gap conductance (Btu /hr-ft - F)h =
gap

0.475 for stainless steel cladding and 0.600 forC =
j

zircaloy-2 and zircaloy-4 cladding

pellet-cladding contact pressure (psi)p =

1 for 0 1 P 1 1000 (psi) and 0.5 for p 1 1000 (psi).n =

The value of the exponent, n, is governed by the material behavior at
the interface of the fuel and cladding contact points. An exponent of 1

bbis consistent with the Ross and Stoute theory of contact conductance

omly if the surface peaks of one of the materials are flowing plastically.
1i the contact points of both materials are behaving elastically the
correct value for the exponent, n, is approximately 0.5. The experimental

results of Fenech and Rohsenow[10] support this value and also indicate

that for metal-ceramic pairs the transition pressure from elastic to
plastic flow is approximately 1000 psi. The parameter kmix/d accounts
for the heat con'uction through the gas in the gaps between contactd

points.

.

1.4.2 Ross and Stoute Model.

Assumotions:

(1) Uniform geometry of the open gap between the fuel and cladding

(2) Elastic cladding deformation at the points of fuel and cladding
contact af ter the gap is closed. -

(1) Open Gap. If the fuel and cladding are not in contact, *

heat is transferred across the gas gap by conduction through the gas and
radiation. Heat transfer across the gas gap is considered to be governed
by the equation

18
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K
9

(15)h =

9 t + c(Rf + R ) * (91+9) r
g c 2

where

gap conductanceh =
g

.

conductivity of gas in gas gapK =
g *

.

gap thicknesst =
g

temperature jump distance at cladding inside surface=gj

temperature jump distance at fuel outside surface=
g2

1.98c =

R arithmetic mean roughness height of the cladding (cm)=
c

R
f arithmetic mean roughness and height of the fuel (cm)=

h radiant heat transfer conductance.=
p

Radiant heat transfer conductance is computed using the following equation:
,

h = oF (Tf + T )(Tf+T) (IO)p e c c

where

radiant heat transfer conductanceh =
r

Stefan-Soltzman constantc =

F emissivity factor=
e

temperature of outside surface of fuelT =
f

T temperature of inside surface of cladding.=
c

1568 337
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The emissivity factor is computed by the equation .,

1
+ I - I)3 (17) ,,Fe"b

f c c

where

emissivity factorF =
e

emissivity of fuel surfacee =
7

,

emissivity of cladding inside surfacee =
c

outside radius of fuelr =
f

inside radius of cladding.r =
c

The temperature jump distance is computed by an empirically derived
' equation presented in the GAPCON code report [3] . The equation is

.

g) + g2 =5.448[f(f)I ] (18) -

where

g) + g2 jump distance (cm)=

viscosity of gas (gm/cm-sec)=u

pressure of gas (psi)P =

temperature of gas (K)T =

molecular weight of gas.M =

1568 338
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(2) Closed Gap. If the fuel and cladding are in contact, the
GAPCON code equation for contact conductance is used. This equation
agrees with gap conductance data presented by Ross and StouteE03 The

equation is

Km i a

0 @fd)*U1+9)9 g .5g c 23
o

where

2h gap conductance (cal /sec-cm - C)=
g

2k kg fc=

k +k
f e

f
fuel conductivity (cal /sec-cm- C)k =

k cladding cond,ctivity (cal /sec-cm- C)=
c

P j interfacial pressure between fuel and cladding (psi)=

a constant -- 0.5 cm /2la =
g

2 + R ) 1/2
2

(Rf c
R =

2

R arithmetic mean roughness height of cladding (cm)=
c

R
f

arithmetic mean roughness height of fuel (cm)=

H Meyer-Hardness of cladding (psi).=

The coefficient c in Equation (19) is computed by the empirical equation

c = 1.98 e-0.00125 Pi (20)

1E58 339
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where

2interfacial pressure between fuel and cladding (kg/cm ).P =
j

.

1.5 Pellet Heat Conduction

The pellet temperature distribution is calculated using one of
two models. The first relies on results generated by the depletion code
LASER, whereas the second makes use of flux depression.

1.5.1 Pellet Temperature Distribution with LASER. The heat

transfer formulation in FRAP-S2 is based on a nonlinear least squares
fit of LASERUI) generated radial power distribution data. The model

accounts for the spatial effects of isotopic production on pellet

self-shielding characteristics at any burnup and power level for both
PWR and BWR plutonium or uranium enriched spectrums. The radial power

depression has been obtained for typical commercial fuel enrichments by
making use of the results from the depletion code LASER.

From a heat balance across a differential annular ring

a(k+hdr)(r+dr)h -skrh + q'''(r)rdr = 0 (21)
r + dr r

where the terms are defined in Figure 1. After rearrangement of Equation
(21), omission of higher order terms, and integration we obtain:

r

kr h = - rq ' ' ' ( r)dr. (22)

o

A second integration, from the pellet surface, a, to some point, r,

gives:

O
22
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q'"( r) # r+d, r + dr

K # (heat flux out)
dr ,

g ( heat flux in)
i
i su ..v.s

4 r > dr 1

A e + 0r >

Fig.1 Heat conduction in fuel rod.

T
r a . r .

k(T)dT = fq'''(r)rdr dr/r. (23)
) -) -

T # 0
a

From a least square surface fit of the LASER code output we obtain

values of P), P , and P '2 3

q'''(r) = P)R 2p (24)3

where the P's are scme function of time and enrichment and R is a fractional
radius.

The heat generation distribution of Equation (24) can be normalized
as fellows:

-

P

q'''(r) = q' P)(")
2p

3
212,a q(,,, _ _
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where

q'''(r) radially dependent energy generation=

(kW/in.3)
-

q' average local power (kW/ft)=

pellet radius (in.')a =

LASER average heat generation rate (kW/in.3)q''' =

,

7.7316069 for PWR=

for typical
"

commercial rods
4.4353724 for BWR=

,

P , P , and Pj 2 3 factors generated from LASER output which=

vary with time and enrichment.

Then substitution of Equation (25) into Equation (23) results in
T
r

a 7 r '

P (r/a) 2 + P rdr dr/r (26)
*

12naq '.. l j 3

T
a r ,o

,

and integrating twice,
T
r a -

P +2
~

Pr,

2
k(t)dt = 12 + Pr dr/r (27)'''

P 3' 2
(P +2)a

T -
2

~

a r

T
# ~

P +2 P +2 '

2 2Pa Pr,
2 1k(t)dt = +

Pa , (P +2)2 P - Pr .(28)2 3 3na q ... (P +2)2 Pa2 al 2
T ~

2

a
~

.
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The FRAP-53 code divides the pellet into ten equal area rings, with
boundaries numbered 1 at the surface and 11 at the center. The fractional
radius R can, therefore, be written as

R = Q(12 - L)/10 (29)g

R +1 = Q(ll - L)/10 (30)
L

where L is the ring boundary number.

To determine the integral of the thermal conductivity across any
one FRAP-S pellet ring, Equation (28) is written as

-

- P +2 -

k.'
_ 2+2)2

I
k(t)dt = ,q +

Pk - (P +2)2 -
P3L 3L

L (P
2

T
L

are defined in Equations (29) and (30). Note thatwhere R( and Rg)
r =a R'

L L

The value of /kdT to any point r in the pellet is calculated by

summing each ring /kdT calculation of Equation (31), starting from the
surface. Then, from an empirical correlation of temperature as a function
of /kdT (polynominal fit of data) the temperature of ring R is calculated.

L

1.5.2 Pellet Temperature Distribution with Flux Depression.

(1) Basic Relationships. The equation for the radial
conduction of heat across a circular boundary within a solid cylindrical
pellet may be written

I

f P(r) 2nrdr + 2nrk(dT/dr) = 0 (32)
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where

the radius of the circle
'

r =

P(r) = the volumetric heat generation rate at radius r

the temperatureT =

the pellet thermal conductivity, a function of T.k =

The average value of P(r) is given by the equation

a a 2 a
P=fP(r)2nrdr/f2nrdr=(2/a)fP(r)rdr (33)

where a is the pellet radius.

The relationship between the thermal heat rating q', the surface
heat flux q'', and F is given by the equation

2q' = wa P = 2naq". (34)

The value of P(r) at the center of the pellet is designated P , i.e.g

P = P(r) (35)g r=0

The surface and center temperatures of the pellet are T and T '
s c

respectively.

(2) Uniform Heat Generation. Consider the case of unifom heat
generation. For this case Equations (33) and (35) give

.

P(r) = P = P . (36)g

26
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Substituting Equation (36) in Equation (32) and carrying out the
integration gives

2P r /2 + rk(dT/dr) = 0. (37)g

Separating variables and integrating from r = r to r = a gives

T(P /4)(a -r ) = / kdT. (38)g
T

s

Using Equations (34) and (37), Equation (39) becomes

2 T(q'/4n)(1-o ) = / kdT (39)
T

s

where o is the dimensionless radius given by the equation

.

o = r/a. (40)

At the center of the pellet, o = 0 and T = T in which case Equation
c

(39) becomes

T
q'/4s = / c kdT. (41)

s

An expression for radius as a function of temperature within the
pellet may be found by <,olving Equation (39) for c:

o = [1 - (43/q')/ kdT]l/2 (42)
T

.

T
s

1568 345
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(3) Nonuniform Heat Generation (Diffusion Theory). Due to

self-shielding effects, the power generation within an enriched fuel
pellet will not be uniform. The following equation is obtained from

simple diffusion theory.
,

P(r) = Al (er) (43)g

where

A a constant=

the zero order modified Bessel function of the first kindI =
g

the reciprocal of the thermal diffusion length in the fuel.=<

36]The value of < depends upon the fuel density and enrichment. A plot
indicates that for UO f 95% theoretical density, e varies from 2 to 3

2
-I

cm for enrichment values of 2.5 to 6% U-235. Substituting Equation (43)
in Equation (35) leads to A = P since I (0) = 1. Equation (43) can thusg g
be written

4

P(r) = P I (er). (44)gg

Substituting Equation (44) in Equation (33) gives

P = 2P [I (<a)]/(ca) (45)g j

where I) is the first order modified Bessel function of the first kind.
Substituting Equation (44) in Equation (32) and carrying out the integra-

.

tion gives

P r[I)(<r)]/< + rk(dT/dr) = 0. (46)9

@
28
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Separating variables and integrating from r = r to r = a gives

T(P /c )[I (<a)-I (<r)] = / kdT. (47)g g g
T

s

Using Equations (34) and (45), Equation (47) becomes

T

f2[I(<a)-I(cr)]f/fca[I)(ea)]f=T
c(q'/4n) / kdT. (48)g g

s

At the center of the pellet r = 0 and T = T in which case Equation (48)
c

becomes

(q'/4w) 2[I(<a)-1]/f<a[I(<a)]
c kdT. (49)=

g j
s

The expression multiplying o'/4v in this equation is called f. Since f
is less than 1, a comparison of Equations (41) and (49) indicates that
the thermal heat rating associated with given fuel surface and center
temperatures is greater for nonuniform heat generation given by Equation
(44) than for uniform heat generation given by Equation (36), the ratio
of the two heat ratings being f. Thus, nonuniform heat generation
decreases the effect of the themal heat rating on fuel temperature and
consequently f is temeo th' flux depression factor.

(4) Nonunifom Heat Generation (Parabolic Approximation). As
was shown above, a tedious calculation procedure is required to obtain
the radial temperature distribution for the nonuniform heat generation
relationship given by Equation (44). Equation (44) can be approximated
very well by the relation

P(r) = P [1 + 0.27(<r)2]. (50)g

- 1568 347
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In order to obtain a better fit for any particular problem, the

following equation is proposed:
,

P(r) = P [1 + B(r/a)2] (51)
,g

where B will be determined as a function of f only.

Equation (51) is in agreement with. the results of a fission distri-
bution analysis obtained using several digital computer programs. Sub-
stituting Equation (51) in Equation (33) gives

P = P (1+B/2). (52)g

Substituting Equation (51) in Equation (32) and carrying out the inte-
gration gives

(p r /2)[1 + (B/2)(r/a)2] + rk(dT/dr) = 0.2
g

Separating variables and integrating from r = r to r = a gives

2 2 2 2 2 T
(P /4)(a -r )[1 + B(a +r )/(4a )3 , f kdT. (53)g

T
s

Using Equations (34), (40), and (52), Equation (53) becomes

(q'/4n)(1-o )[B(1+p2) + 4]/(2B+4) = / kdT. (54)
T

T
s

At the center of the pellet, a = 0 and T = T , in which case Equation
c

(54) becomes

T
(q'/4w)[(B+4)/(2B+2.)] = / kdT. (55)T

s

Solving for B gives

B = 4(1-f)(2f-1). (56)

O
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Substituting in Equation (54) gives

(q'/4w)(1-p2){f (),f) 23,f kdT. (57)
T

T
s

2Equation (57) is a quadratic equation in p which when solved for p gives

f[q'-16x(1-f)/kdT]/q,f1/2 /[2(1-f)]I/2 (58)To = l-2f + .

T-
s

Equation (58) enables solving for o in terms of T directly. Note that
for f = 1, Equation (58) reduces to o = [0/0]l/2 Applying L' Hospital's.

rule to Equation (58) results in Equation (42).

1.6 Stored Energy

The stored energy in the fuel rod is calculated by summing the
energy of each pellet ring calculated at that ring temperature in the

E3same manner as one of the methods used in GAPCON-THERMAL-l .

*i i C (T)dTp

i=1 298*CE=
m

where

stored energy (Btu /lbm)E =

g mass of ring segment 1 (lbm)m =

temperature of ring segment i (O )T F=
4

specific heat (Btu /lbm 0F)C (T) =
p

mass of the axial segment (lbm)m =

N number of annular rings (10 maximum).=

1568 34931
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2. FUEL R00 INTERNAL GAS PRESSURE

2.1 Assumptions
.

The static fuel rod internal pre ~ssure model is based on the

following assumptions:

(1) Perfect gas law holds (PV = NRT)

(2) Gas pressure is constant throughout the fuel rod

(3) Gas in the fuel rod cracks is at the fuel average temperature.

2.2 Static Fuel Rod' Internal Pressure

Fuel rod internal gas pressure is computed by the equation:

MR
q

E
*

g N

! (rcn " n)az V azV -

n c nP+ n +
T T jT L g

c/ -P n=1 \ n

where

internal fuel rod pressureP =
g

moles of gas in fuel rodM =
g

universal gas constantR =

plenum volume
~

V =
p

.

axial node numbern =

'

T temperature of gas in plenum=
p

.

32-
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N number of axial nodes into which fuel rod is divided for=

numerical solution

radius of inside surface of fuel at axial node nr =
cn

fn radius of outside surface of fuel at axial node nr =

T
G

n

fuel rod length associated with axial node naz =
n

fuel crack volume per unit lengthV =

temperature of the crack volume.T =
c

2.3 Plenum Gas Temperature

The plenum gas temperature is calcalated based on energy transfer
between the top of the pellet stack and the plenum gas, between the
coolant channel and the plenum gas, and between the spring and the
plenum gas. The three contributions are discussed in the following.

Natural convection from the top of the fuel stack is calculated

Ubased on heat transfer coefficients from McAdams for laminar or
turbulent natural convection from flat plates.

Nu = C(GrPr)" (61)

where

the Nusselt numberNu =

the Grashof numberGr =
f

the Prandtl numberPr =
f

1568 351
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and for

7 '

GrPr < 2.0 x 10 C = 0.54 and m = 0.25

.

or

7GrPr > 2.0 x 10 C = 0.14 and m = 0.33.

The heat transfer coefficient is calculated from

(0h =
p 0

where

the heat transfer coefficient from the top of the pelleth =
p

stack to the plenum gas (Btu /hr-ft- F)

Nusselt number as found aboveNu =

inside diameter of the cladding of the top node (ft)D =

2conductivity of the plenum gas (Btu /hr-ft _op),k =

The overall effective conductivity from the coolant to the plenum is

found as follows:

l0
u =
C D

I" ( (63)j 1.0
.

Dh k o( * h,r clad 0B
'

2 .

where

.

overall effective conductivity from the coolant toU =
c

the plenum gas (Btu /hr-ft- F)

O
.
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hot state inside cladding diameter (ft)D =

cladding inside surface film coefficient (Btu /hr-ft- F)h =
f

cold state outside cladding diameter (ft)O =
g

cold state inside cladding diameter (ft)D =

i

cladding thermal conductivity (Btu /hr-ft *F)k =
clad

coefficient of thermal expansion of the cladding=a

(ft/ft- F)

temperature difference between cladding averageaT =

temperature and datum temperature ( F)

heat transfer coefficient between the coolant and theh =
0B

cladding (Btu /hr-ft- F).

Gamma heating in the hold-down spring is calculated at a volumetric
2

rate of 1.146 Btu /hr-ft for every 8tu/hr-ft of rod average heat flux

Q = 1.146 q" V (64)sp s

where

energy generated in the spring (Btu /hr)Q =
sp

average heat flux of the rod (Btu /hr-ft)q'' =

3volume of the spring (ft ),V =
3

The plenum temperature is then approximated from the following
equation:

1568 353
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Q +U B +T h nDhsp C pa

T (plen " V h 2
U +

c 4

where

Q3p, U , D, and h are previously describedc p

and

Plenum temperature ( F)T =
plen

3volume of the plenum (ft )V =
p

T bulk coolant temperature at the top axial=
BLK

increment (*F)

T temperature associated with the insulator or top=
pa

pellet ( F).

2.4 Pellet Dish Volume

The volume between pellets is calculated and included as part of
the overall volume in the internal pressure model. The interpellet

volume is calculated at each time step as the difference between the
cold pellet geometry and the hot pellet operating geometry.

Figure 2 shows: (A) a cold pellet interface configuration; and (B)
dn exaggerated hot pellet interface configuration. The volume available
for expansion of internal fill gas is defined by the cross hatched areas -

(A and B) in the figure.
.

O
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@ (c) Cold Pellet Interface

c A s

.

# X )

'
' (b) Het Pellet Interf ace

l i

V--

'NEL A 2184
.

Fig. 2 Pellet expansion.

3. CLADDING DEFORMATICN

3.1 Assumptions

The cladding deformation model is based upon the following assumptions:

(1) Incremental theory of plasticity

(2) Prandtl-Reuss flow rule

(3) Isotropic work-hardening
1568 355
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(4) Thin wall cladding (stress, strain, and temperature are uniform
through cladding thickness)

O
(5) If fuel and cladding are in contact, no slippage occurs at -

fuel-cladding interface -

(6) Bending strains and stresses in cladding are insignificant

(7) Axisymmetric loading and deformation of cladding

(8) Incompressible fuel .*

This seciion describes the models which perform the mechanical
~

analysis of the cladding. The models analyze the elastic and plastic
deformation of the cladding due to thermal and pressure loadings, as
well as loads due to mechanical interaction between the cladding and the
fuel pellets.

Fuel Rod and Cladding Analysis Subcode (FRACAS) consists cf a set

of individual subroutines, each of which is independent of the others.
Hence, the model contained in each subroutine can be modified or replaced ,

without requiring changes in any other part of the.subcode.

.

Deformation and stresses in the cladding in the open gap regime are
computed in subroutine CLADF. The model considered is that of a thin
cylindrical shell with specified internal and external pressures and a

prescribed uniform temperature.

Calculations for the closed gap regime are made in subroutine

COUPLC. The model considered is a thin cylindrical shell with prescribed
external pressure and a prescribed radial displacement of its inside

surface. The prescribed displacement is obtained from the fuel displace-
ment models contained in FRAP-S. Further, since no slip is assumed to

'take place when the fuel and cladding are in contact, the axial expansion
of the fuel is transmitted directly to the cladding, and hence, the .

change in axial strain in the shell is also prescribed.

@
'
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Calculations for the trapped stack regime are made in subroutine

STACK' The model considered is a thin cylindrical shell with prescribed
internal aid external pressures and a prescribed total change in length
of the cyiic:Jer. In contrast to CLADF and COUPLE, which solve for the

stresses and strains at only one axial location at a time, subroutine
STACK simultaneously solves for the stresses and strains in all axial
nodes which are being strained axially by the trapped stack of fuel
pellets.

The decision as to whether or not the gap is open or closed, and
whether to call COUPLE, STACK or CLADF is made in the executive subroutine,

FCMI, (Fuel-Clad Mechanical Interaction). This is the only subroutine
which must be called to initiate the fuel-clad interaction analysis. At
the completion of this analysis, FCMI returns either a new gap size or a
new interface pressure between fuel and clad for use in the next iteration
of the thermal calculations.

In each of COUPLE, STACK, and CLADF, either an elastic-plastic

(time-independent) solution or a creep-stress relaxation (time-dependent)
solution is obtained, depending on the value of an input flag.

For the plasticity calculations, two additional subroutines, STRAIN
and STRESS, compute changes in yield stress with work-hardening, given a

uniaxial stress-strain curve. This stress-strain curve will be obtained
from the material properties package subcode, MATPR0 Subroutine.

STRAIN computes the effective total strain and new effective plastic
strain given a value of effective stress and the effective plastic
strain at the end of the last loading increment. Subroutine STRESS

computes the effective stress given an increment of plastic strain and
the effective plastic strain at the end of the last loading increment.
Depending on the work-hardened value of yield stress, loading can be
either elastic or plastic, while unloading is constrained to occur
elastically. (Isotropic work-hardening is assumed in these calculations.)
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For the creep and stress relaxation analysis, the creep rate (at
the appropriate stress and temperature) is obtained from subroutine

'

CREPR, while the creep-stress corresponding to a given creep rate is
obtained from subroutine CREEP. The creep calculations are based on the
so-called " equation of state" approach in which the numerical calculations

"
-

closely parallel those in the incremental plasticity calculations.

Section 3.2 of this report presents a discussion of the general
problem of elastic-plastic analysis in biaxial stress fields. It will

be indicated there how the formulation of the problem naturally leads to
the Method of Successive Substitutions as a means of obtaining a solution
to the coupled, nonlinear elastic-plastic continuum equations. Section 3.3

describes the general multiaxial creep-stress relaxation problem, and
describes the method of extending an elastic-plastic incremental solution
to consider creep deformation. Section 3.4 describes the individual
subroutines and specific equations which are solved.

3.2 General Considerations in Elasto-Plastic Analysis

Problems involving elastic-plastic deformation and multiaxial states
of stress involve a number of questions which do not need to be considered
in a uniaxial problem. In the following, an attempt is made to briefly
outline the structure of incremental plasticity, and to outline the Method

of Successive Substitutions (also called the Method o# Successive Elastic
Solutions) which has been used so successfully in treating multiaxial
elastic-plastic problems N.

In a problem involving only uniaxial stress a), the strain c) is
related to the stress by an experimentally determined stress-strain
curve as shown in Figure 3, and Hooke's law is taken as

c) +c + 2 dT=

where c is the plastic strain. The onset of yielding occurs at the

yield stress, wnich can be determined directly from Figure 3. Given a

load (stress) history, the resulting deformation can be determined in a

"
1568 358
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Fig. 3 Typical isothermal stress-strain curve.

.

simple fashion. Increase of yield stress with work-hardening is easily
computed directly from Figure 3.

In a problem involving multiaxial states of stress, however, the
situation is not so clear cut. Here one must have a method of relating
the onset of plastic deformation to the results of a uniaxial test, and
further, when plastic defonnation occurs, one must have some means of
determining how much plastic deformation has occurred, and how it is
distributed among the individual components of strain. These two compli-
cations are taken into account by use of the so-called " Yield Function"
and " Flow Rule", respectively.

A considerable wealth of experimental evidence exists on the onset
'

of yielding in a multiaxial stress state. The bulk of this evidence

supports the von Mises yield criteria, which assert that yielding
occurs when the stress state is such that:

1568 359
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(66)0.5 (a) - 2) * I'2 - #3) + I3 - 1) *
3 y

are the principal stresses, and o, is the yield stress aswhere o
g

,

determined in a uniaxial stress-strain test. The square root of the
left-hand side of this equation is referred to as the effective stress,,

c , and this effective stress is one commonly used type of yield function.
e

To determine how the yield stress changes with permanent deformation,
it is hypothesized that the yield stress is a function of the effective

plastic strain, c . An increment of effective plastic strain is determined

at each loadstep and c is defined as the sum of all increments incurred:

$[dc. (67)c
.

Each increment of effective plastic strain is related to the individual

plastic strain components by

(dc - dc ) + (de - dc ) + (dc - dc ) (68)dc =
3

-_
,

where the dc are the plastic strain components in principal coordinates.

It is a well known experimental result that at pressures on the order of

the yield stress, plastic deformation occurs with no change in volume.
This implies that

.

dcj + dc + dc =0 (69)2 3

and hence in a uniaxial test with c) =o,c = 0, the plastic* -

2 3

strain increments are
.

dc = dc = -l/2 de

so that in a uniaxial test, Equations (66) and (68) reduce to

O
a2

1568 360
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P P (70)
dc = dc).

>

Thus, when it is assumed that the yield stress is a function of the total
effective plastic strain (called the Strain-Hardening Hypothesis), the
functional relationship between yield stress and plastic strain can be
taken directly from a uniaxial stress-strain curve by virtue of Equation

(70).

The relationship between the magnitudes of the plastic stra n
increments and the effective plastic strain increment is provided by the
Prandtl-Reuss Fiow Rule:

=3d S i = 1, 3 (71)dc j

where S are the deviatoric stress components (in principal coordinates)j
defined by

1

j j y (a) 2+#3) i = 1, 3 . (72)S =e +

Equation (71) embodies the fundamental observation of plastic deformation
that the plastic strain increments are proportional to the deviatoric
stresses. It may be shownD3] that the constant of proportionality is
determined by the choice of the yield function. Direct substitution
shows that Equations (67), (69), (70), (71), and (72) are consistent
with one another.

Once the plastic strain increments have been detennined for a given
loadstep, the total strains are determined from a generalized form of
Hooke's law given by:

50 0043
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f
cj =f oj v( 2 + 3) +c + dc + a)dT

-

1
~

c2 *E "2 - "I 1* 3) + 'P + d'P + dT
2 2 "2 (73)

'

. -

1
~ ~

- "I#2+ 1) + 'P * d'P + dT3 *f 3 3 3 "3c
. -

inwhichcf.c , and c3 are the total plastic strain components at the
end of the previous load increment and v is Poisson's ratio.

The r maining continuum field equations of equilibrium, strain
displacement, and strain compatibility are unchanged. The complete set

of governing equations is presented in Table I, written in ter.as of
rectangular Cartesian coordinates and employing the usual indicial
notation in which a repeated Latin index implies summation. This set of
equations is augmented by an experimentally determined uniaxial stress-
strain relation.

3.2.1 Method of Solution. When the problem under consideration
is statically determinate, so that the stresses can be found from equili-

brium conditions alone, the resulting plastic deformation can easily be
detemined. However, when the problem is statically indetenninate, and
the stresses and defomation must be found simultaneously, then the full
set of plasticity equations proves to be quite formidable even in the

cas< c? simple loadings and geometries.

One numerical procedure which as been used with considerable

success ic the Method of Successive Substitutions. This can be applied
to any problem for which an elastic solution can be obtainad, either in
closed form or numerically. A full discussion of this technique including

,

a number of technologically useful examples is contained in Reference 13.

O
44
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TABLE I

SUMMARY OF GOVERNING EQUATIONS

Equilibrium,-

ajj,3 + o f4=0
where

o = stress tensor

o = mass density

f = components of body force,per unit massj

Stress-Strain
+"

cjj = E ij 43({ok- dT) + c 3 + de 3
-6

k

Strain Displacement

1

ij * 2 (u$,3 + uj,$)C

Compatibility

ij,kt + 'kt,ij - Cik jt - 'j t . i k = 0S

Definitions used in Plasicity

#e bij $ ji

##j kk
-

ij i

0 2 P de$.dc 3 dcij 1,)

Prandtl-Reuss Flow Rule
P

P 3 dc
dejj = 7 ,e S;j

45
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Briefly, the method involves breaking the loading path up into a
number of small increments. (For example, in the present application,

'

the loads are external pressure, temperature, and either internal pres-
sure of prescribed displacement or the inside surface of the cladding.

'

These loads all vary during the operating history of the fuel rod.) For -

each new increment of the loading, the solution to all the plasticity
equations listed in Table I is obtained as follows:

First, an initial estimate of the plastic strain increments dc

is made. Based on these values, the equations of Equilibrium, Hooke's
law, Strain-Displacement and compatibility are solved as for any elastic
problem. From the stresses so obtained, the deviatoric stresses S may

$3
be computed. This represents one path in the computational scheme.

Independently, using the assumed de j values, the increment of
effective plastic strain de may be computed, and from this and the
stress-strain curve, a value of the effective stress c is obtained.

e

Finally, a new estimate of the plastic strain increments is obtained

from the Prandtl-Reuss Flow Rule:

P 3 de
dc S)jj = 7 ,e $

.

P
and the entire process is continued until the de53 converge. A schematic
of the iteration scheme is shown in Figure 4.

PThe mechanism by which improved estimates of dc .- are obtained
1] p

results from the fact that the effective stress obtained from de and
the st.ress-strain curve will not be equal to the effective stress which

would be obtained from the stresses from the elastic solution. They

will only agree when convergence is nbtained.

The question of convergence is one that cannot, in general, be
answered a_ oriori. However, it can be shown that convergence will
be obtained for sufficiently small load incremo.ts. Furthermore, lack

9
46-
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Fig. 4 Schematic of the method of successive elastic routines.

of convergence can usually be traced to the flatness of the stress-
strain curve in the plastic region. Problems with convergence are

accentuated when the material is at high temperatures (approximately
1200 F and above for zircaloy), due to the fact that work-hardening
effects decrease with temperature.

3.2.2 fiodified Iteration Scheme. To avoid (or at least minimize)
such convergence problems, an alternate iteration scheme was devised by

Mendelson and his co-workers. This scheme is based on the von Mises
yield function and the Prandtl-Reuss flow rule, so no new hypotheses or
assumptions are involved. The iteration scheme is essentially the same
as the Prandtl-Reuss iteration scheme described above, except that the

iterated variables c and dc (which are related by the highly nonlinear
e

,
stress-strain law) are replaced by a new pair of variables which are

P
related to dc in a more nearly linear fashion. The new variables are

et, the equivalent modified total strain, and c'jj, the modified deviatorc

strains, and in terms of these new variables, the Prandtl-Reuss flow

rule becomes

P d'}
dc$) e'j). (74)=

g
et

.

''
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Thus, c plays the role of e, and c'jj replaces the deviator stresseset
S At each step in the iteration, c is calculated from the strains
jj. et

obtained from the pseudoelastic solution based en rs.e previous values of
the plastic strain increments, and then dc is related to c via the

et ,

uniaxial stress-strain curve by the expression

2 1+v old
(75)P *et - 3 E e

dc =

2_[l+v)[d e
j,3 \ E / \ de oldi

01din which c is the value of the effective stress at the end of the
e

(do )g
last converged loadstep, and i l is the slope of the stress-plasticp

(dc /old
(do)I isstrain curve at the end cf the last converged loadstep. Sincel

P(dc)old
usually at least an order of magnitude smaller than the elastic modulus
E, it can be seen that the dencminator in Equation (75) is nearly unity,
and thus dc is very nearly linearly related to c Thus, the conver-et.
gence difficulties associated with the nonlinearity of the stress-strain
curve can ba avoided.

Only the appropriate equations which are used in this Plastic
Strain-Total Strain iteration scheme will be gived here. The full

D3]derivation is presented in Mendelson's book , Sections 7-9 and 9-1.

The modified strains are obtained from

c'jj = c + dc (76)

in which e are the elastic strains defined by .

c' "ajj-fo 6). (77)=

4g

The modified deviator strains are then obtained from Equation (76) as

e'jj = e + dc (73)

:a

1569 006
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where e are the elastic deviator strains, and the fact that dc =0j
has been used. The equivalent modified total strain is defined as

' 11 - ' 22) + I''22 - " 33) I''33 - C'll)
' ' + 'c

et
, -

6(c'23) + 6(c'31)6(c 12)
+ *

A schematic outline of the Plastic Strain-Total Strain iteration
scheme is shown in Figure 5. The similarity with the previous iteration

scheme based directly on the Prandtl-Reuss flow relations is evident.

| -- d(

2 e'q eh % Cotoined+ ASSJmed Ji % Fig. 44, Compute 0 from ; ,,,,j f
"clG5t'C' Solution Jnd f rom (,9

.ence e . e. . d, a oas e-< 1
C'"'

|
" "

| ceta.ned

'tt,

8:ee of Cbtained from

ggP, U C,-
e 'et " dg *

.

Process Aepeated sotil Convergence is CttGined -e . .

I

Fig. 5 Flow chart for plastic strain-total strain iteration scheme.

At the start of each loadstep calculation, initial values of de.5.
1]

are assumed. Using these values, the pseudcelastic equations are solved
for new stresses and strains. From the strains so calculated c and

et

c'1] are obtained. Then, using the uniaxial stress-strain curve, a..

p
value of dc corresponding to c is obtained using Equation (75).

et
~

Finally, new estimates of dcjj are obtained from the modified flow rule
P

dcS.=de e'I3.1] c
et

and the process is repeated until convergence is obtained.

1569 00749
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This modified iteratico procedure differs from the previous iteration
scheme in one important aspect. In the previous scheme, if one of the

"

nodes at which the plastic strains are being sought is actually only
strained elastically, then in the course of the iteration process, the

'

~

plastic strain increments will approach zero, and the correct elastic
solution will be obtained automatically. In the modified iteration
scheme, however, the iteration process will not converge to the appropri-
ate elastic solution, but will, in fact, generally diverge in this case.

Thus, at each step in the iteration process it is necessary to comp:te
the effective stress and compare it with the current, work-hardened
yield stress. If the yield stress has not been exceeded, then the
plastic strain increments are set to zero.

Not only will the modified iteration scheme described above permit
convergent plasticity calculations for higher temperatures and larger
loadsteps, it also converges much more rapidly than the previous iteration
scheme. Hence, the modified iteration scheme is utilized in all the

(time-dependent) plasticity calculations.

3.3 General Considerations in Creep-Stress Relaxation Analysis

3.3.1 Uniaxial Behavior. Creep can broadly be defined as the
inelastic time-dependent change in stress and strain in a body under
constant load. For most common structural metals, high temperatures are
required. Shown in Figure 6 are typical creep curves taken on a uniaxial
specimen at constant stress for zircaloy-2 at 300 C taken from a corre-

EI4]lation by Ibrahim .

Two features are notable. First, doubling the stress more than
doubles the strain. Second, tha strain rate decreases as time goes on. .

A typical uniaxial creep test taken to failure is shown in Figure 7.
From time t = 0 to t = t , the creep rate (slope of c versus t) is con-j

tinually decreasing. This is called the period of primary, or transient
creep. Fre- time t to t , tN creep rate is approximately constantj 2

(although it does depend on the stress level, temperature, radiation

O
5
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flux, etc. ). The regico of constant creep rate is called the region of
secondary or steady state creep.

.

The firal region is one in which the creep rate begins increasing
and is called the region of tertiary creep. In this region, the specimen '

usually exhibits cracks or oth2r nonuniform deformation, and hence, the
usual continuum theory is not applicable. Thus, in a structural analysis,

attention is restricted to the primary and secondary stages of creep.

One approximation that is often used in creep analysis is to consider
only the steady state portion of creep, so that the creep rate is indepen-
dent of time. This considerably simplifies any such analysis. However,

as can be seen from Figure 6, the creep strain incurred during the
period of transient creep cannot be neglected in comparison to the creep
incurred during the period of steady state creep (at least for hold
times of less than 3000 hours) so that both transient and secondary
creep must be included. This consideration is especially important when
comparisons are to be made between code predictions and laboratory
experiments which are usually of limited duration compared to anticipated
service life.

The strains induced during creep are permanent, and it is a basic
assumption of creep analysis that the constitutive law can be written:

c) =f a) - v(c2+ 3) +c +c + dc (80)

where

p
cj accumulated plastic strain=

cf = accumulated creep strain

def= increment of creep strain.

Although both plastic strains and creep strains are permanent, there is
a fundamental difference between plasticity, which does not depend on

O
52
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time, and creep which is explicitly time-dependent. That is, the magni-
tude of the plastic strains resulting from the application of a sequence

,
of loads to a, body does not depend on the time intervals between the
applications of the individJal loads. The magnitude of the resulting
creep strain, however, is greatly affected by the time history of the
application of the loads.

Since creep is explicitly a time-dependent process, it would be
most appropriate to use a theory in which the time rates of strain are

'

,

related to the rates of stress, i.e., a visco-elastic theory. And, in

fact, there are simple, linear rheological models available which can
qualitatively reproduce all the effects observed in a uniaxial creep
test. However, as pointed out in regard to Figure 6, the creep response
of metais is a nonlinear function of stress. Hence, a nonlinear theory
of visco-elasticity would have to be used to accurately predict creep.

strains. While such a nonlinear theory does exist (in the Frechet
Expansion Theorem), its implementation is currently beyond the scope of
present day computers. Further, the theory requires experimental data
which do not exist to date, and which would be relatively difficult to
obtain. Thus, the use of a nonlinear visco-clastic theory is not within
the current state of the art. For a further discussion of this, reference

is made to C. E. Pugh et al .

3.3.2 The Ecuation of State Aoproach. A workable alternative

to a visco-elastic creep analysis is to use the so-called " equation of
state" approach. Here, analytical expressions are fit to the experimental
uniaxial creep strain versus time curves measured at constant applied
stress, giving the functional relation:

c = f(a,t,T,R) (81)

where

applied constant stresso =

timet =
,

1569 011
33
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T tempera ture=

irradiation flux parameter.R =

-

The creep strain rate is obtained analytically by differentiating Equation

(81) to obtain
$=ai t,T,R). (82)

Now it must be kept in mind that Equations (81) and (82) are strictly
valid for constant stress only. To extend their use to problems in-
volving continuously varying stress, certain assumptions must be made.
Consider the two creep curves in Figure 8 obtained at two different
stress levels. Suppose that creep strain has been accumulating at

stress a) until time t), and then the stress is changed to c . The
2

question to be answered is: at what point on the c = c creep curve do
2

.

we start our calculations for further creep analysis? One of two hypo-

theses is commonly made:

E

Jk

# 2

A i

c
j

G .

ea _ _ , _ _
g

c i

|

I

I

I > Time
I l

6%EL A 2 '?9

Fig. 8 Time hardening and strain hardening hypotheses for creep with
varying stress.

d
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(1) Time-hardening Hypothesis: Here it is assumed that it is the
elapsed time which is the determining factor, so that in

,

making the transition from stress a) to 2, one moves from
point 0 to point A in Figure 8. Hence, creep strain rates are

determined directly from Equation (82).

(2) The Strain-hardening Hypothesis: Here it is assumed that it
is the accumulated creep strain which is the determining
factor. Thus, one moves from point 0 to point B in Figure 8.
Analytically, this is accomplished by eliminating time, t,
from Equation (82) by use of Equation (81) to obtain

c = h(c.c,T,R) (83)

and thus the subsequent creep strain rates are determined by
the accumulated creep strain.

In general, experimental data agree better with analytical predic-
tions based on the strain-hardening assumption, so this is the assumption
which is incorporated into the FRACAS subcode. This is in accordance
with the recommendations of Reference 15.

When the creep function, Equation (81), is a complicated function
of its arguments, it is often not possible to eliminate time analyti-
cally between Equations (81) and (82). In these cases it is necessary

to perform the elimination of time numerically. This can be done for
arbitrary functional forms of Equations (81) and (82) and thus, complete
generality can be maintained. However, this is achieved at the cost of

having to solve a pair of highly nonlinear, coupled algebraic equations
at each step of the creep iteration scheme, which is a time consuming
procedure.

In order to optimize the computation time for creep calculations in
FRACAS, the following procedure is utilized. It is assumed that the
creap law, Equation (81), is such that time can be explicitly evaluated
so as to obtain Equation (83), and that Equation (83) is available to

**
1569 013, et
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FRACAS from a subroutine denoted CREPR. Secondly, it is assumed that

Equation (83) can be written in the form
.

o = a (E,c,T) (84) ,

and that this equation is available to FRACAS from a subroutine denoted -

CREEP. In the majority of cases, subroutine CREEP will use an iteration
scheme to obtain a given c and c, but thi.; can usually be done very
efficiently. For use in the FRAP codes, subroutine CREPR is obtained

from the material properties subcode MATPRO. Subroutine CREEP uses the

analytic expression for creep rate from MATPRO and the method of succes-

sive substitutions. This results in minimizing the creep calculation
time. -

3.3.3 Extension to Multiaxial Creep Problems. All of the

foregoing discussion is applied to uniaxial loading behavior only. To

extend this to creep and stress relaxation in multiaxial states of
stress, we proceed in a fashion similar to that used in plasticity, and
introdu e an effective creep strain increment defined by

dcca de de (85)
c

which 's, of course, directly analogous to the effective plastic strain
defined for the plasticity calculations. Then the effective creep
strain rate is computed from

= h h dcj) dc (86)c = .

The same effective stress is utilized:

a 3
# j#ij*"e - 2 i

It is then assumed that the effective stress, e, and the effective creep
cstrain rate, c , are related by the uniaxial creep strain function,

Equation (83). For any given problem, the equilibrium and kinematic
equations are identical with those used in the plasticity calculations.

The external loading (temperatures, pres' :s. displacements etc..)
are assumed to be applied stepwise. At each ti at these loads are

56
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incremented, a (time-independent) plasticity solution is obtained as
described in the previous sections. The time periods in between (at
constant load) are subdivided into a number of small time increments,
at, and a creep analysis is performed. For each time increment, at, the

~

Method of Successive Elastic Solutions is applied in the usual fashion,
except that the effective stress, c , is obtained from the uniaxial

e
c

creep curve at the iterated value of the effective creep rate, c ,

instead of from the uniaxial stress-strain curve. Thus, for each time

increment, at, the creep solution is obtained as follows:

C
(1) Assume the creep strain increments, dc $)

(2) Compute the effective creep strain rate

= h f de de

(3) Obtain the effective stress from the uniaxial creep curve,
using the strain-hardening hypothesis

c cc = h(c , c ,T,R)
e

cwhere c is the total accumulated effective creep strain,
including dec , c at incurred during the current time incrementc

(4) Obtain the deviator stresses from the elastic solution, with
Hooke's law taken as

1
~ ~

P cc)) =g o)) - v( 22 + 333) + 'll + Cll + d'cIl
.

12 + ' 2 + C 2+dc{2
* #'12

where etc.

P

c$j accumulated plastic strains at end of=

last load step

c{ accumulated creep strains at.end of=

last at time increment

57
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increments of creep strain durin; -

dc =

at time increment

(5) Obtain raw estimates of the creep strain increments from the
Prandtl-Reuss flow rule:

c
'

c 3 s at
S

dc$) 7y jj.
=

e

(6) Repeat until convergence.

3.4 Description of Individual Subroutines

The package of subroutines which perform the Fuel-Clad Mechanical
Interaction analysis consists of four main subroutines. FCMI is the
executive subroutine, and it calls either COUPLE, STACK, or CLADF as

appropriate. STRESS and STRAIN are called by either CLADF, STACK, or
COUPLE to obtain the necessary mechanical properties. Subroutine

.

CLOSE is an interpolation routine called by FCMI to locate the point at
which the gap closes for each node. These subroutines are described in
detail below.

3.4.1 Subroutine FCMI. Subroutine FCMI performs the basic

function of determining whether or not the fuel pellets and the cladding
are in contact. The radial expansion of the fuel is obtained from

models contained externally to the fuel-clad interaction subroutines,

and is passed to FCMI in the calling sequence. Stress effects on the
fuel expansion are known to be small relative to thermal expansion and
swelling, and so the fuel expansion is uncoupled from the cladding
deforma tion. (Stress induced creep is important, however, and is being
considered separately.)

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 with
the radial displacement which would occur in the cladding due to the
prescribed external (coolant) pressure and the prescribed internal
(fission gas) pressure. Both of these values are passed to FCMI through
the calling sequence. This free cladding radial displacement is obtained
in CLADF. Then, if
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r r (87)

where 6 is the 'nitial (as fabricated) gap between the fuel and thc
' cladding, the fuel is determined to be in contact with the cladding.

The as-fabricated gap 6 is a constant which does not change throughout
the loading history of the rod. The loading history enters into this
decision by virtue of the permanent plastic cladding strains which are
used in the CLADF solution, and which are updated at each call to CLADF
or COUPLE. These plastic strains (and total effective plastic strain

) are stored in the main calling program, and e e passed to FCMIc

through the calling sequence.

If the fuel and cladding displacement; are such that Equation (87)
is not satisfied, the gap has not closed during the current loadstep,
and the solution obtained by CLADF is the appropriate solution. The

current value of the gap is computed and passed back to the main calling
program. The plastic strain values may be changed in the solution
obtained by CLADF if additional plastic straining has occurred.

,

If Equation (87) is satisfied, however, the fuel and cladding are
in contact during the current loading step. If the gap was open at the
end of the last loadstep, then subroutine CLOSE is called. This routine -

linearly interpolates between the current load values and the last load
values to determine exactly when the gap closed. For that portion of

the loadstep in which the gap is open, subroutine CLADF is called. For

the remaining portion of the loadstep, in which the cladding and the
fuel are in contact, radial continuity at the contact interface requires

that

= u "*IIclad
-S' u

r r (88)

while in the axial direction it is assumed that no-slip occurs between

the fuel and the cladding. Since a thin shell theory is used for the

cladding, it is assumed that the strain induced in the cladding by the
axial expansion of the fuel is taken up entirely by straining of the
middle surface of the cladding.
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>!ote that only the additional strain which o . curs in the

fuel after lock-up has occurred is transferred to' the cladding.

Thus, if c is the axial strain in the cladding just prior to contact and

is the corresponding axial strain in the fuel, then the no-slip '

czo
condition in the axial direction becomes

clad , gclad , gfuel , gfuel
z z,o z zo, (89)

el c dThe values of the prestrains c and c are set equal to the values
7g

of the strains which existed in the fuel and the cladding at the last load
increment during which the gap was open. These values are stored in the
main calling program, and passed to FCMI in the calling sequence. They
are updated at the end of any load increment during which the gap closes.

clad clad
After u and c have been computed in FCMI, they are passed

to subroutine COUPLE, which considers a thin cylindrical shell with
prescribed axial strain, external pressure, and prescribed radial dis-

placement of its inside surface. After the solution to this problem is

obtained in COUPLE, subroutine FCMI passes a value of the interface

pressure back to the main, calling program, along with new plastic strains
and stresses.

Af ter all the nodes in the fuel rod have been examined for open or
closed gaps as described above, all those nodes with open gaps are re-
examined to consider axial compatibility. This is necessary because in
the course of normal power histories it is possibie for gaps to exist
betwcen the fuel pellets. The gaps can, in the case of collapsible
claddir.g, give rise to local high strain concentrations. As a means of
following the generation and development of such axial gaps, models are
included in FCMI to consider the behavior of the cladding in the situa-

,

tions depicted in Figure 9a or Fiaure 9b. In both of these figures,

nodes J* and J-l are nodes which have been determined to be in firm ,

contact with the cladding. Nodes J to J*-1 are nodes which have been

determined not to be in contact with the cladding.

9
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Fig. 9 Axial gap and trapped stack configurations.

Figure 9a depicts the case where, due to the pressure differences
and thermal expansion, the length of the enclosed column of pellets is
less than the length of the cladding, and hence, an axial gap exists.
For the case of vertical fuel rods, the gap will occur at the top of the
uppermost pellet. In this situation, the deforration of the cladding is

.

determined by the internal (fission gas) and external (coolant) pressures,
and the axial temperature distribution in the cladding.

By contrast, it can happen that the axial expansion of the column
of fuel pellets is great enough so that no gap can exist, and in fact,
the expansion of the fuel pellets trapped between nodes J-l and J*
actually stretches the cladding axially, as depicted in Figure 9b. This

situation is denoted as the " Trapped Stack" regime.

Models for the determination of the elastic-plastic deformation of

the cladding for the two regimes discussed above are contained in the
two subroutines CLADF and STACK, which are described in detail later in

1569 019
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this report. In the following, the assumptions and logic used to determine
which deformation regime is appropriate are discussed.

.

Consider the situation shown in Figure 9a, wherein nodes J* and J-l
,

have been determined to be in firm contact. Nodes J through J*-1 are

nodes with open radial gaps, and thus, for these nodes, the fuel is not
in contact with the cladding. Let c (i) denote the axial gap between
node i ar.d node i + 1 at the end of the loads.tep k. (It is assumed
that there is never any gap between the lowest pellet and the bottom
of the fuel rod.) Then, at the start of loadstep k + 1, it is assumed
that all the fuel pellets cordolidate at the bottom of the stack, so
that all axial gaps are zero except the gap between the top node in
the free stack and the next locked node J*, that is

J*-I
k

k+1(J*-1) = E E (i)
. c

i=j-1

k+1(i) = 0 for i = j-1 to J*-2.
i c

The change in length of the stack of fuel pellets is detennined from the
prescribed axial fuel strains, using

I k

i=j (z, fuel z, fuel)
dz(i)n = c -e;

(90)

where the summation is taken over all nodes in the stack, and the super-

script indicates the loadstep number.

The length of the trapped cladding can now be computed assuming
that the fuel and cladding do interact, and that changes in the length
of the trapped cladding are determined by changes in the length of the
stack of fuel pellets. The trapped cladding length, assuming axial

interaction, is given by

t(k+1) _ clad g(uel , 4.k+1(J*-1) (91 )(k) k+1)
clad f

0
.
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where

lcngth of trapped cladding at the end of thet =

last loadstep
,

) change in length of column of fuel pelletsat =

during current loadstep

(k+1 0*-1) axial gap between column of fuel pellets and=

upper eno of trapped cladding.

The trapped cladding length computed above is compared with the length
that the cladding would assume due to the internal and external pressures
and temperature gradients acting alone, as in the absence of axial fuel-
cladding interaction. This free length can be obtained from the strains
computed by subroutine CLADF, using

E(k+1) " J*-1
~ '

f,) * *z( g) ) dz(i). (92),CLADFfree
,

The decision as to whether or not fuel-cladding axial interaction takes
place can now be made. If the length that the cladding would assume
under the action of pressure and thermal gradients alone is greater than
the length the cladding would assume due to axial interaction, then no
axial interaction is possible and, in general, an axial gap will exist.
Otherwise, axial interaction must have taken place. The two cases are

considered separately.

Case A:

If I )>t ) , then a gap has opened between the fuel
pellet stack and the cladding and the stresses and strains are set
equal to those computed in CLADF. The new axial gap (at the top of
the fuel pellet stack) can be computed from

( (J*-1) = (kg,_)) y ,
k+ ))

569 02163
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in which al. ) is the change in length of the trapped cladding
during the current loadstep, and is obtained from

.

31(k+1) " I(k+1) - 1(k)clad free (94)
,

) is the length of the trapped cladding at the end of thewhere t
last loadstep. The axial gaps between all other axial nodes in the
stack of fuel pellets (including the gap beneath the lowest pellet
in the stack) are set equal to zero.

Case B:

If t )>t ) , then axial interaction has taken place and

no axial 9.p will exist. The change in length of the trapped
cladding is determined by the preexisting axial gap and the change
in the fuel pellet stack length via

g(k+1) , g(fuel _ g g)k+1) k
clad (95)

This quantity is then passed to subroutine STACK, after which all
the axial gaps in the fuel stack are set equal to zero.

_

Finally, if the stack of pellets with open radial gaps occurs at
the top of the fuel rod, then the solution obtained in CLADF is the

appropriate solution, and all axial gaps are set to zero. This is done
since it is assumed that there is always a plenum volume containing a
hold-down spring at the top of the fuel rod, and hence that the upper-
most pellet can never contact the top of the fuel rod cladding.

3.4.2 Subroutine CLA0F. This subroutine considers a thin
cylindrical shell loaded by both internal and external pressures. Axi-

symetric loading and deformation are assumed. Loading is also re-

stricted to be uniform in the axial direction, and no bending is considered. .

The geometry and coordinates are shown in Figure 10. The displacements
of the midplane of the shell are u and w in the radial and axial directions

respectively.
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Fig.10 Fuel rod geometry and coordinates.

Then, as is well known, the equilibrium equations simplify consider-
ably, and are identically satisfied by

FPi4,rPgg
o (90}=

g t

rfP$,rP2 g
( )=o

z 2 2
*

r -rg 4

For membrane shell theorybI03, the strains are related to the midplane

displacements by

1569 023
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c' = E (98)

*: O
C *7 (99) -

e
r

where r is the radius of the midplane. Strain across the thickness of
.

the shell will be allowed. In shell theory, since the radial stress can
be neglected, and since the hoop stress, r, and axial stress, o , areg

uniform across the thickness when bending is not considered, the radial
strain is due only to Poisson's effect, and is uniform across the
thickness. (Normally, radial strains are not considered in a shell
theory, but when plastic deformations are to be considered, plastic
radial strains must be included.)

The stress-strain relations are written in the incremental form:
T

+c + de + a dT (100)*
e #e - va e

c

. .

o
T

~

1

~

* *P + dcP+ dTz *f z - ""e z z "z (101)
Cc

. .

o
T

*-f #e * "z +c + de + dT
r "r (102)c

r

o

where

strain-free reference temperatureT =
g

coefficients of thermal expansiona ',27,ar ,

=
g

current average clad temperature.T =
,

P P

e, z , and c are the plastic strains at the end ofThe terms c
r p p p

the last load increment, and dc de,, and dc are the additional,

7

plastic strain increments which occur due to the new load increment.
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As discussed in Section 3.2, the magnitudes of the additional
plastic strain increments are determined by the effective stress and
the Prandtl-Reuss flow rule, namely:

- o )2 + (a )2 + ( e)2-
1/2

1 r (103)
e "y _(co

e z z
_

= f dedc
e

S
P P (104)

d e, = dc

de = - dc - de
r

e e - (#e # z)S *

S, = o - h (c z) (105)
+

g e

1

3 (#e + #z)*S *
r

The solution in Cl|iDF proceeds as ftAlows. At the end of the last
load increment the plastic strain components c , c , and c , are known,

r

and also the total effective plastic strain, c , is known.

The loading is now incremented with new values of P , P , and T pre-j g

scribed. The new stresses can be determined immediately from Equoi.iv.u
(96) and (97), and a new value of effective stress is obtained from
Equation (103).

The increment of effective plastic strain, dc , which results from

the current increment of loading can now be determined from the uni-
axial stress-strain curve at the new value of e, as shown in Figure 11.

P(The new elastic loading curve depends on the value of c .) This computa-

tion is performed by subroutine STRAIN.

Once de is determined, the individual plastic strain components
are found from Equations (104), and the total strain components are
obtained from Equations (100) through (102).
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e

The displacement of the inside surface of the shell must be determined
so that a new gap width can be computed. The radial displacement of the
inside surface is given by

u(r$) = r c - 'r (106)e

where the first term is the radial displacement of midplane [from
Equation (99)] and c is the uniform strain across the thickness, t.

r

The final step performed by CLADF prior to returning control to
FCMI is to add the plastic strain increments to the previous plastic
strain values as in

O
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Thus, prescribing the displacement of the inside surface of the shell is

equivalent to a constraining relation between c and c . As before,
e r

Hooke's law is taken in the form
T

1 / I P P+ dT (108)1 + *e + dce"EI # ~"c
e "e(8 z/

o

T

+c + dc + a dT (109)'

z" "z ~ " "e z
c

o

T

r " ~ f I #e + + *P + d*P + a dT. (110)c

( z/
r 7 p

T,

Usir.g Equations (107) and (110) in Equation (108) yields a relation
between the stresses o ' z, and the prescribed displacement u(r ):e g

T

u(r$ ) + 7 -- IcP + deP*
I1t

dT '

_ (r r "r
)r r

o
T

P+dcP+ f I
'

I 1 vt
e e =g (1 + y r)dT I-| c

\e ) ) L
e

o

+ v (f - 1) o *

z

Equations (109) and (111) are now a pair of simultaneous algebraic equations
for the stresses o and o , which may be written as

s g

I A A o B

~ ' ~ ' ~

11 12 e 1

=

A A 8- 21 22 - - z- - 2-
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(cg )new * I'e )old + dc e

(c )new " (' )old + d'z
'

P

(cr )new * ('r )old + de r
,

(c )new " (' Iold + de

and these values are returned to FCMI for use at the next load increment.
.

Thus, all the stresses and strains can be computed directly since,
in this case, the stresses are determinate. In the case of the driven
cladding displacement, the stresse- M m d or the displacement, and such
a straightforward solution is not possible.

3.4.3 Subroutine COUPLE. This subroutine considers the problem

of a cylindrical shell for which the radial displacement of the inside

surface and axial strain are prescribed. Here the stresses cannot be
computed directly since the pressure at the inside surface (the interface
pressure) must be determined as part of the solution.

As in CLADF, the displacement at the inside surface is given by

u ( r $ ) = u -f- cr

where u is the radial displacement of the midplane. From Equation (73), -

u=Fc and hence:
e

u(r$) = F c -[c. (107)g p

O
69

1569 028



'

. .

..
,

where

I+NA *
ll

( -T)A * "
12

A * -"
21

IA *
22

T .-

+h P + de C. dT
-

B) =E c *
r r

..

o

. T .

-E c + dc + a dT
g

. .

o
- T -

dT8 =Ec -E c + d' +
2 z z "z .

. .

o

Then the stresses can be written explicitly as

01 ^22 B2 ^12 III2)e"A A22 A 2 A11 i 21

B A)) _ B) A212
( }

#z " A)) A22 A12 21# "

Inese equations relate the stresses to u(r ) and c which are prescribed
9

Pand to dc , dc , and dc , which are to be determined. The remaining
p

equations which must be satisfied are

[5
' I/2
(85-C$)2*(C$-'r)2+(C -C5)2 (II4)'et -

r
. -

The modified Prandtl-Reuss flow equations are
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de
dc e'=

e c e
et

.

P
*

dc* = de
e'g (115)

'et

de = -dc - de
r

in which e' and e' are the modified deviator strains defined by Equation
e

( 78) . The equivalent modified total strain c is related to the plastic
et

Pstrain increment dc using Equation (79) and the uniaxial stress-strain
law. Equations (112) through (115) must be simultaneously satisfied for
each loading increment.

As discussed in Section 3.1, a straightforward numerical solution
to these equations can be obtained via the Method of Successive Sub-

stitutions. Here, one initially assumes arbitrary values for the in-

crements of plastic strain, and uses Equations (111) through (115) to
obtain improved estimates of the plastic strain components. The steps
performed by COUPLE for each increment of load are as follows:

(1) Values of dc[, dc , and de are assumedy r

(2) From Hooke's law, using the assumed plastic strain in-
crements and the prescribed values of u(r ) and c

g z,
values for the stresses can be obtained from Equations (111)

and (112)

(3) From the pseudoelastic solution in Step 2, compute the '

modified strains and modified deviator strains, and hence

obtain c fr m Equation (114)
et

(4) Obtain de', from c and the uniaxial stress-strain curve
et

O
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(5) Compute new values of the plastic strain increments using
the modified Prandtl-Reuss equations

(6) The old and new values of dc , dc , and dc are comparedp

and the process continued until convergence is obtained

(7) Once convergence has been obtained, the interface pressure
is computed from Equation (96-):

0 0 (116)p =
.

i

When steps 1 through 7 have been accomplished, the solution is complete,
provided that the interface pressure is not less than the local gas pres-
sure.

Due to unequal amounts of plastic straining in the hoop and axial
direction, however, it of ten happens on unloading that the interface
pressure as obtained in Step 7 is less than the gas pressure even though
the gap has not opened. When this situation occurs _, the frictional
locking mechanism which is assumed to constrain the cladding axial defor-
mation to equal the fuel axial deformation can no longer act. The axial
strain and stress adjust themselves so that the interface pressure just
equals the gas pressure, at which point the axial strain is again locked.
Thus, on further unloading, the axial strain and the hoop and axial
stresses continually readjust themselves so as to maintain the interface
pressure equal to the gas pressure until the gap opens. Because the

unloading occurs elastically, a solution for this portion of the fuel-
cladding interaction problem can be obtained directly as follows.

Since the external pressure and the interface pressure are known,
the hoop stress is obtained from Equation (96) as:

# P P

o _
1 int rg 0

(117)-
'

g t

1569 031
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From Equation (106) we can write:

fuel
u - 6 + t/2

e".
r

(118)e" -c
-

r

Substituting c and e as given by Equations (108) ard (110) into Equation
e r

(118) gives an explicit equation for o as:
z

( + v t/2) + E dT + cvr =
i z e e

. - (119)
P

fE a dT + c - E u(r )-

r g

in which o is known from Equation (117). With o and o known, the
g 7 g

strains may be computed from Hooke's law, Equations (108) through (110).
This set of equations is included in subroutine COUPLE and is automatically
invoked when a value of P less than the local gas pressure is computed.

int

As in CLADF, the last step performed by COUPLE before returning
control to FCMI is to set the plastic strain components and total effective

Pstrain c equal to their new values by adding in the computed increments
de and dcP. -

3.4.4 Subroutine STACK. Subroutine STACK is called when one or
more fuel pellet nodes are trapped between the lower end of the cladding
and a pellet in firm contact with the cladding, as shown in Figure 12. In

this case the axial expansion of the fuel will be imparted to the cladding
even though the cladding and fuel are not in radial contact.

The total change in length of the trapped cladding is computed in
'

FCMI, and passed to STACK in the calling sec;uence. For each axial node
'

in the trapped cladding, the axial strain is given by
T(i)

z(i)=gNT 'z - " (i) 3e(i) * 'P(i) + dc (i) + 2 dTc

e-
,o
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Fig.12 Schematic of trapped stack.

in which i denotes the axial node number. Axial force equilibrium
requires that o be the same in each node. Since the total lengthg

change is prescribed, one can write

n - -

a f. = c (i) - c (i) dz(i)z

i=1 _

0in which dz(i) are the axial cladding node lengths, and c (i) are the
axial strains in the cladding at the end of the last loadstep. Inserting
Equation (120) in the above equation yields

1 569 03;.,
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o a f. + dz(i)=
g dz E )

i=1. i=1 _ ,

.

III
~| (121 )

0+ c (i) - c (i) - de (1) - a dT .

z

T .g

For each node, the plasticity equations are
.

2
-

2
c I) " 'zfII - *r(I) 'r' III - *e'II)+
et

1
- - -

(122)
"

. -2 1/2

c'(i) - c'(i)+

. .

ej(i)=e(i)+dc3(i) j = r, e, z (123)

and the modified Frandtl-Reuss equations:

/ dc (i) = e'(i)

P

q dc (i) = e-(i) (124)

( de (i) = -dc (i) - dc (i). -

p 7

'

Equations (121) through (124) must be simultaneously satisfied for all the
trapped axial cladding ncdes. And since the nodes may have different
temperatures, different stress-strain curves are used at different nodes.

9
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As before, the Method of Successive Elastic Solutions is used. In<

contrast to subroutine COUPLE, however, the method is applied simulta-,

neously to several axial nodes. Because more than one node is being
considered, an additional possibility arises.

This is the possibility that, due to the axial stretching and
Poisson's effect, some (or all) of the cladding nodes may come into
contact with the fuel pellets, although contact would not occur due to
internal and external pressures alone. In this case, the hoop stress in
Equation (121) is no longer given by Equation (96), but now depends on

z
and the radial displacement of the fuel. While contact occurs, however,
radial compatibility as expressed in Equation (106) requires that

.

fuel
Fc (i) - 0.5 t c (i) = u (i) - 6.g r r

Substituting for c (i) and c (i) from Hooke's law, Equations (100) andg r

(102) there results a single equation relating o (i) at each node to the
g

axial stress a , which can be solved for o (i) explicitly to obtainz s

F

-

uel

E(i) * 0.5v(i) t II) * "r(I) -d3E(i) e
. .

T(i)

- h o, + c[(i) + dc[(i) +-F a dT
e

(125).
.

T
n

.
T(i)

.

+f
-

o +Cr(i) + de (I) + "rdTz r
.

.

o

which applies at each node where contact has occurred. Finally, Equation
(125) is used to eliminate c (i) fr m Equation (121) for those nodes at

e

which contact has occurred. Thus, we obtain an equation for o involving
7

summations over all nodes not in contact plus summations over all nodes,

15~69 03577
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denoted j*, where contact has occurred. This equation, solved explicitly
for o , is shown below:

g

~ ~
*

dz ), dz(i) v(i) (F-0.St) v(1)
( E(i) ,z

I i i-j* . F+0.St v(1)

U '

= 6f. + c (i) dz(i)
i

. T(i) .

c (i) + de (i) + a dT dz(i)-

o

(126)

+ .
I i 0 dz(i)

jpj* . o 1 .

+ u )-5- c (i) + dc (i)
r t 1)

I' j=j*

T(i)T(i)
-

|- - p
+ a dT + 0.St c (I) + d*pII) * "rdT .

g r r

. . .

T
o g

.

This modified equation for a allows for an arbitrary number of contacting _

7

nodes, and is solved for :z at each step in the iteration for the plastic
strain increments. Of course, it is not known a_ priori which nodes may .

be in contact.

However, for given values of the plastic strain increments (the
iterates in the Method of Successive Elastic Solutions) the governing
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equations are all linear. Thus, one can solve for c, assuming no pellets
are in contact, then compute the gaps, and if any negative gaps are
found, recompute o with those nodes now assumed to be in contact. This

g

process is repeated until all calculated gaps are either positive or
zero. At most, N steps are required since the equations are linear,
where N is the number of nodes in the stack.

Thus, in this application, the Method of Successive Elastic Solutions

becomes an iteration within an iteration, and one in which the set of

variables iterated upon is determined as the solution progresses.

3.4.5 Subroutines STRAIN and STRESS. These two subroutines are
called by COUPLE and CLADF to relate stress and plastic strain, taking
into consideration the direction of loading and the previous plastic
deformation. A typical stress-strain curve is shown in Figure 13. This

curve represents the results o.* a uniaxial stress-strain experiment, and
may be interpreted (beyond initial yield) as the locus of work-hardened
yield stresses. The equation of the curve is provided by MATPR0 at

each temperature.

To utilize this information, the usual idealizations of the mechanical

behavior of metals are made. Thus, we assume linear elastic behavior

until a sharply defined yield stress is reached, af ter which plastic

(irrecoverable) deformation occurs. Unloading from a state of stress
0beyond the initial yield stress, o , is assumed to occur along a straight

line having the elastic modulus for its slope. When the (uniaxial)
stress is removed completely, a residual plastic strain remains, and
this plastic strain completely determines the subsequent yield stress.
That is, it is assumed that when the specimen is loaded again, loading
will occur along line BA, and no additional plastic deformation will
occur until Point A is again reached. Point A is the subsequent yield
stress. If a = f(c) is the equation of the plastic portion of the
stress-strain curve (YAC), then for a given value of plastic strain, the
subsequent yield stress is found by solving simultaneously the pair of
equations:

1569 03779
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Fig. 13 Idealized e-c behavior.

'o = f(c)
i

,o = E(c - c )
which may be written as

a=f([+c ).
,

The solution to this nonlinear equation may be computed very efficiently '

by Newton's Iteration Scheme:

(m),(m+1) , f(o ' ' *
E

* * **''

3o
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The initial iterate oIO) is arbitrary, and without loss of generality,
is taken as 5000 psi. It can be proven that, for any monotonically,

increasing stress-plastic 3+ rain relation, the iteration scheme in

Equation (127) converges unifo.mly and absolutely. Furthermore, it

converges so rapidly that it is st.fficient to perform the iteration no
mcae than 30 times to obtain 8 decimal accuracy. Thus, no convergence
or error criteria are necessary in utilizing this scheme.

The computations in STRAIN and STRESS are described below. It is

to be noted that STRESS is only called when additional plastic deformation
has occurred. -

P(1) Subroutine STRAIN. Values of plastic strain, c , tempera ture
and stress are passed to STRAIN through the calling sequence.

(a) For given temperature, obtain o = f(c) from MATPRO

(b) Obtain yield stress o for given c from Equation (127)y

(c) For given value of stress, o,

(i) if a 2 o , c={+cj

P P

*new " Sold

dc 0=

(ii) if a > o,, f(o)c =

c = c - o/Eew ,

dc =c ew - * Id

(d) Return.
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P
(2) Subroutine STRESS. Values of plastic strain, c , temper-

ature and plastic strain increment de are passed to STRESS through the
.- ,

calling sequence.

.

(a) For given temperature, obtain o = f(c) from MATPRO

(b) Obtain yield stress o for given c from Equation (127)y

(c) Given dc (see Figure 14)

c ld + dc -
=c

onew

Since dc > 0, the new value of stress and strain

must lie on the plastic portion of the stress-strain
curve o = f(c). So o, e are obtained by simulta-
neously solving, as before,

fo f(c)=

l
<

P

E(c - cnew)a =

(d) Return.

3.4.6 Subroutines CLOSE and GAPT. These two subroutines are

called by FCMI when one of the node gaps has been found to be closed
between two successive power changes. It is assumed that all the applied

loads vary linearly between the two loadsteps, so that
_

P (A) = P (i-1) + A P (i) - P (i-1)e

: ~.
.

P (A) = P (i-1) + A P (i) - P (i-1)
g g g

- _

'

- - (128)
T(A) = T(i-1) + A T(i) - T(i-1)

- .

. .

fuel (A) = ufuel(1-1) + A u "'I(i) - u "'I(i-1)f f
u
r r r r

. .
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Fig. 14 Computations in subroutine STRESS.

where the index i-1 denotes the loads as the last power step, i denotes
the current load values and A varies between zero and unity. Subroutine
CLOSE iterates on A to find the exact value of A at which the radial gap
closes. Given the old and new load values for any given value of A,

subroutine GAPT computes the size of the radial gap by calling subroutine
CLADF, and passing to it the linearly interpolated values computed from
Equation (128). The method used is the Modified Newton-Raphson iteration
scheme which solves for the roots of the equation:

Radial gap = f(A) = 0

1569 041
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by use of the recurrence relation:

If[A *)l3(m+1) , 3(m) (129),

gg(m) (m-1))
.

,

, f[A *)] - f[A *-I)]I I
3(m) * 3(m-1) (130)g

3(m) (m-1)
,

in which f( A) is the gap thickness as a function of the interpolating
parameter A as given by subroutine GAPT. The iteration procedure is

performed until
.

|f(A)| < CUT (131)

where CUT is the tolerance value which is currently set (internally) to

the value 1.0 x 10-8 inches. If, for any reason, the iteration scheme
cannot converge to a gap value less than CUT, an error message is printed
out, and the last computed value of A is returned. However, experience

has shown that convergence has always occurred for values of CUT greater
-10than 10 ,

.

4. FUEL NECHANICAL RESPONSE

Deformation of the fuel is calculated as a function of thermal
expansion, irradiation swelling, and densification. The deformation
model is described here with irradiatice, swelling calculations described

in Section IV. .

4.1 Assumptions

(1) No pellet deformation from stresses induced by fuel-
cladding contact or thermal stresses *

O
* Note again. Asterisks (*) mark those assumptions for which tasks are presently

under way to develop more advanced models.
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(2) No pellet creep under inouced stresses *

(3) Free ring. thermal expansion. j
~

-

.

4.2 Radial Expansion

Radial expansion of the pellet due to temperature, irradiation swell-
ing, and densification is calculated by. a . free ring expansion model. The
governing equation for this model is

N

g+hd) (132)ar$ (1+ T i+R s=
$g j

1-1

where

hot pellet radiusR =
H

th
aT

coefficient of thermal expansion of i radial ring=

4 for temperature T
$

thaverage temperature of i radial ringT =
9

th
width of i radial ringor =j

number of radial ringsN =

swelling strainal =

di
densification strain.al =

di
4.3 Axial Expansion

Axial expansion of the fuel stack is calculated by suming the
maximum ring axial expansions of each pellet. Maximum ring axial ex-
pansion of each pellet is calculated as the difference between the length

1569 043ss
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of the ring with the maximum overal.1 hot length and the cold length of
the pellet.

The calculation of overall ring height includes consideration of
the depression of a central dish. The fuel stack length is thus calcu-
lated by

M

j+hs;+hd)t (133)Lf= (1 + a T j jT g
j=1

where

th! is the ring with the maximum axial length of the j node

and

hot length of fuel stackL =
7

number of axial nodesM =

th
length of i radial ringt =

g

T;, 2T., N, h;, and hj are defined as above.
1

4.4 Fuel Crack Volume

As the fuel expands, extensive cracking occurs due to the high
thermally-induced stresses. This crack volume is computed as

.

V * ~

c eg TX

where

crack volumeV =
c

86
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w

volume defined by expanded radial nodesV =
eg

VTX =
v lume of thermally expanded fuel'

,

~

with

N

V,g = { w.(rf - rf,)) t (134)
$

i=1

and

N

(rfc-#c-1}*icII * "i i} (I }V = w
TX

i=1
where

th
cold length of i radial ringt =

ic

thcold radius of i node.r =
ic

w

1569 045
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5. FUEL R0D FAILURE MODELS

A subcode has been developed for the FRAP codes to predict failure of

the zircaloy cladding of light water reactor fuels. This subcode, FRAIL
(FRAP Intagrity Limits), is a modular routine that predicts the probability ,,

of failure of fuel cladding under a variety of steady state and transient
conditions.

The FRAIL subcode is composed of several subroutines, each of which has

the capability of predicting zircaloy fuel rod cladding failure. The
subroutines are distinguished from one another by made of failure. A
probability of failure is calculated for each mode, and these probabilities
are then appropriately combined to yield a general probability of failure
of the fuel rod cladding. The cladding failure models that are currently
operable in FRAIL include:

(1) cladding melt
(2) oxide layer wall thinning
(3) ballooning (without rupture)
(4) eutectic melt
(5) collapse

(6) overstress failure
(7) cumulative stress damage

(8) overstrain failure

9
88 1569 046
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IV. CORRELATION MODELS

,

This section on correlation models deals with those fuel rod models.

which fall somewhere between an analytical model such as cladding deforma-
tion and a material property such as thermal conductivity.

These models are usually defined by a mathematical model which
reflects a theory of behavior but are quite heavily weighted by exper-
imental data.

.

Models which require substantial material property data such as
cladding creep are covered in greater detail in the material property
documentation of MATPROE43

1. FISSION GAS PRODUCTION

Given production rates for the major diffusing gases, the burnup
dependent total fission gas generated at axial station z is calculated
as follows:

z
GPT(z) = R + Rhelium + PRxenon) (136)j00 A kryptony

where

GPT(z) total fission gas produced at z (gm-moles)=

BU(z) burnup at z (fiss/cc)=

VF(z) fuel volume (cc)=

A Avogadro's Number=
y

1569 047
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Fission gas production rate (atoms /100 fissions) for gPR =
e

krypton, xenon, and helium, respectively, 30, 30, W
~

and 0.3.

~

2. FISSION GAS RELEASE

.

The fission gas release model used in FRAP-S3 considers the release
to be determined by escape of ' gas from the fuel matrix and release of

ltrapped gas from grain boundaries or dislocations. If k represents the

portion of fission gas that escapes without being trapped, then

Ik pdtdn =j

where

the moles of gas released directly in time dtdn =j

the time incre.nentdt =

and

p the gas production rate.=

If the probability of trapped particle release per unit time is k and
the number of moles trapped is C, then the trapped moles released in dt

is dn2 = k C dt. Only a fraction, k, of the gas released from traps
I l

reaches the surface, thus the total gas released is dn = k k c dt + k p dt.

If C is replaced by (p t - n) and integration is performed:

I ~

k

k{k - -

1 - exp-(k kt) (137)n=p t- .

O.

90
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At constant power, the total fractional release is

IF = n/(pt) = 1 - (1 - k ) I ~ * M
gt

<

Iwhere K = k k. The constants, K and k , have been evaluated from the
available data as functions of fuel temperature and density only in the
form

K,kI = Ae(-8/T - Cd + D) (139)

where

fuel temperature ('R)T =

fuel densityd =

l
and for K and k respectively:

A 0.25, 1=

21,410, 12,450B =

C 0, 0.333=

0, 33.95.0 =

The preceding formulation [ Equation (137)] is extended to variable power
time histories by assuming reactor operation is described by a series of

lhconstant power steps. The number of moles released, an , during the ij
interval is then

l1-k - -

i=P at - 1 - exp(-K at )an =n -n ,) j j g, j j , (140)j j
1

. .

+ C ,) 1 - exp(-K at ) .

4 j j
. -

1569 049
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The first two terms, identical with Equation (137) represent the
release during at had the initial concentration been zero. The last

$ '

term is additional release due to previously produced gas. Since the
total release from time zero is ran , the fraction of total gas produced

g

which is released is

f \ f \
" ^U / P at;j (j4j)i .

i-l 1-1

3. NITROGEN RELEASE
.

.

The release of nitrogen initially present in fuel material from
fabrication occurs as a result of a diffusion transport mechanism. From

D8]the model proposed by Booth , given the assumptions that

(1) The initial concentration of diffusing substance C is assumedg

to be uniform throughout a sphere of radius a

(2) Transport of material does not occur from the external phase
(gaseous nitrogen) back into the initial carrier medium, the

'

following diffusion expression holds:

C=D ahCr)- (142)r -ta 2
37

where

radial location .r =

concentration of diffusing substanceC = ,

timet =

diffusion coefficier,tD =

1569 050
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and

"

C 0 when r = a=-

-

C C when t = 0.=
g

By applying a series solution method, the fractional release of the
diffusing substance (nitrogen) can be approximated by the following,
based on the value of B.

If

B=n O (T)t (143)N
2

where

D temperature dependent diffusion=
N

coefficient for nitrogen

time (sec) from the start of diffusiont =

then, when B > 1, the fraction of nitrogen released as of time t equals:

F !
'

N
2

and when B 1 1

0.5
F.4 =6 DN (T)t/, - 3DN (T)t. (145)
'2 2 2.

D 9, 20]
From the experimental data of Ferrari:

3 (t) = (1x10-12) e (146)
G

D

where

1569 051
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G = 20202 (1/1673 - 1/T) (147)

and
.

T is in degrees kelvin

4. FUEL RELOCATION

Two closely related models are used to compute the effect of

relocation. The fuel surface relocation model results in an effective
pellet-cladding gap which is used in computing the gap conductance. The

. space made available for cracks based on this model is distributed
inside the pellet. This leads to the second relocation model which

,

calculates the effective themal conductivity across the cracked pellet.
The effective conductivity model accounts for variable comparition of
fission gas in the cracks, as well as a simplified treatment of crack
width. The model considers that relocation effects are moderated as
cracks are calculated to close due to structural gap closure occurring
as a result of changes in fuel or cladding defonnation conditions. The
operative assumption here is that open cracks have less strength than fuel -

or cladding. Crack healing is used to restrict relocation effects on
thermal conductivity to the outer, unrestructured fuel regions. Instan-
taneous crack healing occurs whenever local pellet temperatures reach or
exceed a restructuring threshold temperature. The two models are presented
bel ow.

4.1 F' 1 Surface Relocation

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 35. The model which was developed from these
results provides FRAP with an effective fuel strain which is a function of
cold state geometry. .This strain is treated as any of the other fuel radial
strains (thennal ' expansion, swelling, and densification).
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0.0 when, i< 0.005(f)rel =

p
.

1 0.005 when, i > 0.005-

r r. p p

(f)rel = relocation strain (m/m)where,

6 = cold state radial gap (m)

r = cold state pellet radius (m)
p

This model is shown graphically in Figure 16.

4.2 Relocated Fuel Themal Conductivity

The thermal conductivity of cracked fuel cannot be the same as that
of uncracked fuel. In order to compute the correct effective themal
conductivity, a relocation factor, R, is used.

k Rk=
eff lab

- effective relocated themal conductivity (, [ g)where, k
eff

k - lab measured fuel thermal conductivity a functionlab
of temperature (m -KI

The relocation factor equation contains factors which account for

the above mentioned agailable initial gap space ( ), the gas composition

of the cracks (1.0 k
), and the strain dependent space available for

cracks (6$ 05 r )*6-0
P
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(1.0-[k
6 -6

$ ) (148)R = 1.0 - C (6 - 0.005 r ) ( )
p p lab

.

C = constant (8x)
= gas thermal conductivity (,,"g )

'

k
g

6 = gap assuming no fuel surface relocation (m)
s

T = gap assuming fuel surface relocation (m)6

6, r and k as defined above.
p lab

Crack healing is modeled by enforcing the following:

R = 1.0 when Tr1Ttrans

1 cal fuel temperature (K)where T =
r

Ttrans = fuel transition temperature (K)

Re-evaluation of the FRAP-T3 verification (Reference 35) results with
respect to gap closure indicated that a limit exists on how much gap
space can be redistributed. No more than 80% ir assumed to redistribute,
therefore, the factor R is never less than 0.45.

One assumption made is that cracks instantaneously heal and re-crack
when fuel regions are above or below the transition temperature respectively.
Another assumption is that the relative gas and fuel conductivities are
lab values not relocated values. These assumptions will be assessed by

the verification effort.

5. CRUD BUILDUP

Crud thickness is assumed to be one mil unless a value is specified
in the input. Flags in the input also detennine whether the crud thickness
remains constant or varies. If a variable crud thickness is specified,

4a crud buildup rate of 2.283 x 10 mils /hr is assumed. Crud thermal
2conductivity of 6000 Btu-mils /hr-ft - F is used. This model was obtained

as part of the FUEL [2] code.

1569 055
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V. NUMERICAL SOLUTION PR0CEDURE

O
This section describes the program numerical sequence and the

'

convergence checks made at various points in FRAP-S3. A flow diagram of
the code is given in Table II.

Figure 17 presents a summary of the major interactions dealt with
by the 6,GP-S code (an arrow from A to B means A affects B). Due to the

large number of interaction and feedback between the thermal conditions

and the physical behavior of a fuel rod, several iterative processes are -
nested in the core calculations. The major iterative loops are

(1) At each axial increment the gap and fuel temperatures, the
fuel thermal expansion, and the cladding strain, are iterated
on until convergence is obtained

(2) At each specified time step the entire rod conditions are
recalculated with iterations continued until gas release and
rod internal pressure are unchanged.

The code calculations begin with bulk coolant temperatures deter-
mined by a one-channel enthalpy rise evaluation. Then, for each given

'

axial segment of the rod, the cladding outside surface temperature is
calculated by the Dittus-Boelter formula for subcooled heat transfer
or the Jens-Lottes correlation if nucleate boiling is present; a crud

temperature rise which is a function of the crud density and thickness,
(not considered when nucleate boiling occurs); and an oxide temperature

rise. The cladding corrosion rate (oxide thickness) is calculated as an
exponential function of the cladding-to-oxide interface temperature,

,

proportional to time at temperature and dependent on material and system
conditions (BWR or PWR). The temperature rise across the cladding is

,

calculated as a function of power level and cladding dimensions. The
gap conductivity between the pellet surface and the cladding inside
diameter is calculated as a function of the composition and pressure of
the internal gas mixt'ure and the contact pressure between the fuel and

'
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FRAP-S FLOW DIAGRAM
9

9
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g
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INITIAL
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Aead input
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'I Calc initial Pettet Radu

' Calc Height of Each Fuel Ring I' Calc Pellet Oper. Porosity 8

| Calc Roughness Volurne |
Calc Initial Gas Males, i
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i Calc Flus Depression Factor i
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TABLE II (continued)
,

,

4ter 1 ,

J 2 3
Calc of Power Step Burriuo

- y

Calc of increment Heat Flun

G)
TEMPC

Calc Flua Depress Factor

CALL TEMP

(Beginning of Step)

CALL TEMP

(End of Step)

RETUAN

6

7

TEMP

Calc Fom Temperature Drop
Calc ZrO2 Thickness and Temperature Drop
Calc Clad Temcerature Drop

* Calc Pellet Temperature Distribution
.

CALL FRACAS

GAP
Convergence yes

No

Caic Estimated Gap

Calc GAP Temo DrCD
f
=

CALL STAESS

AETURN

:N(L . A 7711 *

O
100
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TABLE II (Continued)

'

O
, VOLUME |

Catc Hot Pellet Heignt
Calc Masimum increment Lengtn

- Calc Crack volume
Caic Dish Volume
Calc Hot Clad and GAP Volume
Cate Open Porosity Volume

AETUAN

*
SSGASAE

Caic Helium Fraction Reiease (Bootn)
Calc Nitrogen Fraction RJ4 ease (Booth)
Calc Fission Gas Fract;on Aetease (Bootn>

Calc Fission Gas Fraction Release (MacDonald)
Calc Helium Nitrogen & Fission Gas Pellet

Average Fraction Aelease
Cate Fission Gas Hetrum. and Nitrogen

Released Moles

AETUAN

ALL
_

No Asial Nodes
'

\ Analyzed?

Yes

GAS AEL

Calc Cumulative %s.on Gas Mehurn ano
Nitrogen Ae ease in Gram-Moies

Caic H2O Aeiease in Gram-Moies as Function
of Burnup

Caic Total Moies of Gas in Gap Gases
Calc Cumulative Fraction Reiease
Calc Clad Fuel Dish Gap Crack and

Porosity Vosumes
Caic Hot P'enum Lengtn
Caic Hot Pienum Volume
Cale Natural Convection Heat Transfer

Coefficient at Tcp of Peilet
Caic P'enum Heat
Caic Roc internal Pressure

AETUAN

Mt A-2234
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TABLE II (continued)

/

-

Total yes
Gas Moles

.

Conve

it

ITER ITER * 1
J 2

11

No Last
< Power Stec

,

.

Yes
l

No Last
2

Problem?

If Ye5

C

IretL A 2235

.

O
.
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Fig. 17 FRAP-S computational interactions.

cladding. The radial temperature distribution through the pellet is
calculated for the 10 rings by the /k dT method described by Robertson
etal[30],-and is corrected to account for relocation of the cracks.

Burnup dependent pellet radial power distributions, fit to the
bII3output of the lattice depletion code LASER can be used in calculating

the fuel temperature distribution. Also radial power profiles can be input.

After the temperatures in each fuel subvolume are calculated, the
fission gas fractional release is calculated using the diffusion-trapping
model of Weisman and MacDonaldEI73. The quantity of generated fission

gases in each fuel subvolume is calculated as a function of fuel burnup
(the burnup is calculated for each subvolume from the input power / time

103 1569 061
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and axial flux shapes and from the burnup dependent pellet radial flux
depression). The dish, pellet-to-cladding gap, fuel crack, fuel open
porosity, and plenum volumes are calculated considering the various fuel
and cladding thermal, stress induced, and fission product induced deforma- -

tion and then, the total fission product gas release and the rod internal
pressure is calculated using the ideal gas law by suming the individual
axial segment calculated gas releases and void volumes. The plenum

temperature calculation considers heat flow from the top of the fuel
stack, from the coolant channel, and gamma heating in the hold-down
spring.

The new pressure and gas composition are used in the next iteration
to recalculate the heat transfer across the pellet to cladding gap. The

cladding stresses, strains, and interface pressures or gaps are computed
by FRACAS [3Q And, the zircaloy cladding creep is calculated as.

described in Section 3.
_ -

VI. SUMMARY AND DIFFERENCE BETWEEN FRAP-S VERSIONS

FRAP-53 contains improvements over FRAP-52 in areas such as

fuel surface relocation and effective conductivity. These and
other improvements are summarized in Table III. Improvements of

FRAP-S3 are continuing as errors are discovered and corrected.
If programming errors are detected in the use of this version of
FRAP-S, notification of the authors would be greatly appreciated.

O
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TABLE III -

DIFFERENCES IN VERSIONS OF FRAP-S -

- , - .
,

Phenomenon FRAP-SI FRAP-S2 FRAP-S3

: Heat conduction Stacked 1-D radial Stacked 1-D radial Stacked 1-D radial withwith /kdt with /kdt, 2D r - 0 /kdt and effective
thennal conductivity

Gap conductance Cracked pellet Modified Ross and Modified Ross and Stoute,
Cracked pellet Cracked pellet

Internal pressure Ideal gas law Ideal gas law Ideal gas law, Improved
initial fill gas

Cladding deformation Triaxial coupled plastic Triaxial coupled plastic
stress-strain equations, stress-strain equations,
fuel-cladding inter- fuel-cladding inter-

,

action, creep considered action, strain-rateo
*

effects, cold-work and

fast neutron flux effects

Rod internal gas MacDonald-Weisman MacDonald-Weisman Mac-Donald-Weisman
fission gas and helium fission gas and helium fission gas and helium
release, Booth diffusion release, Booth diffusion release, Booth diffusion

of nitrogen and water of nitrogen and water of nitrogen (H 0 assumed7
vapor vapor to react with cladding)

Cladding failure No model FRAIL-1 FRAll-2

Fuel defonnation Swelling (Bettis data) Swelling (Bettis data) Swelling (MATPRO)
free thennal expansion densification, free densification, free

model thermal expansion thermal expansiong
n odel modela

e
Fuel relocation No model Bulking factor Coleman relocation

o relocation model
cd ~

u Fuel, cladding MATPRO-3 MATPRO-7 MATPRO-9
and gas properties

.

S to T links Sl/T2 S2/T2, T3 S3/T2, T3, T4
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APPENDIX A

FRAP-S 3 INPUT INSTRUCTIONS

.

The required input to FRAP-53 is presented in this appendix.
Section I describes the use of NAMELIST[a] , the free form input used by

FRAP-S3. Section II presents the standard and optional input with a
listing of each nnemonic variable, a description of the variable, and
any restrictions or options associated with the variable. Section.III
presents the job control language (JCL) required to run FRAP-53 and the
plot code on the Idaho National Engineering Laboratory (INEL) 360/75.
This is followed by the plot subcode input data.

1. NAMELIST INPUT SPECIFICATION

Input data must be in d special form in order to be read using a

NAMELIST list. The first character in each record (card) to be read
must be blank. The second character in the first record of a group of

data records must be a $, imediately followed by the NAMELIST name.
For any FRAP-S version this is FRAPS. The NAMELIST name must be followed

by a blank and must not contain any embedded blanks. This name is
followed by data items separated by commas. (A comma after the last
item is optional.) The end of a data group is signale1 by $END.

The form of the data items in an input record is:

symbolic name = constant

The symbolic name may be an array element name or a variable name.

Subscripts must be integer constants. The constant may be an

*

- [a] IBM System /360 and System /370 FORTRAN IV Language, IBM System

Reference Library.
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integer, real, literal, complex, or logical. (If the constants are
logical, they may be in the form T or .TRUE. and F or . FALSE.)

.

array name - set of constants (separated by commas)
The set of constants consists of constants of the type integer,

,

real, literal, complex, or logical. The number of constants must

be less than or equal to the number of elements in the array.
Successive occurrences of the same constant can be represented in
the form k* constant, where k is a nonzero integer constant speci-
fying the number of times the constant is to occur.

The variable names and array names specified in the input data set
must appear in the NAMELIST list, but the order is not significant. A
name that has been made equivalent to a name in the input data cannot be

substituted for that name. in the NAMELIST list. The list can contain
names of items in COMMON but must not contain dummy argument names.

Each data record (card) must begin with a blank followed by a
complete variable or array name or constant. Embedded blanks are not

permitted in names or constants. Trailing blanks after integers and
exponents are treated as zeros.

2. INPUT DATA

2.1 Standard Input

The first card which must be included is a job title card. The first

72 columns are available for the title. Each standard input card must be

supplied unless an optional input card replaces it. -

Va riable Description Restrictions and Options

CPL Cold plenum length (in., m) none

O
.
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Variable Description Restrictions and Options

- DCI Diameter of cladding, inside
none(in.,m)'

DC0 Diameter of cladding, outside
none(in.,m)

DE Equivalent hydraulic diameter
none(in.,m)

DEN Pellet true density (% theoreti-
cal density - 10.97 gm/cc) none

DISHSD Dish shoulder width (pellet
radius minus dish radius) (in., m) none

DP Diameter of pellet (in., m) none

DSPG Diameter of spring, outside
(in.,m) none

DSPGW Diameter of spring wire (in., m) none

ENRCH Fuel enrichment (w/o U-235) if omitted, input flux

used in flux depression estimate depression (FLXDP)

FGPAV Initial gas pressure (psia,
2

N/m ) none

2
G0 Mass flow rata (lb/hr-f t , = 0 , cladding surface

2 temperature = TW at all
~

kg/s-m )
increments. If NSP = 1,

input one value for each
power step
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Variable Description Restrictions and Options

.

HDISH Height of pellet end dish (in.,
m) none -

HPLT Height of pellet (in., m) none

ICM Index for cladding material = 2, zircaloy-2 cladding
(presently the cooe does not = 4, zircaloy-4 cladding

distinguish between zircaloy-2
and zircaloy-4)

IDXGAS Index for initial fill gas = 1, helium

= 2, air

= 3, nitrogen
= 4 fission gas

= 5, argon
= 6. user specifies mole
fractions of the above
(see AMFAIR, etc. in the

optional input section).
If fission products are
input, user should con-

sider input of initial

burnup, BUIN

IM Number of power levels must equal number of

time steps (Maximum of

69)
.

IQ Axial power shape index = 0, shape input
= 1, cosine shape

IPLANT Index for LASER fit of radial = 1, PWR, uranium en-
power distributions. If IPLANT riched if ENRCH >6 or
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Variable Description Restrictions and Options

is set to zero, FRAP-S3 makes <2 set

use of the pellet teinperature IPLANT = 0
.

distribution calculation as = 2, BWR, uranium en-

described in Section 1.5.2 riched if ENRCH >3.5 or
<l.5 set

IPLANT = 0

= 3, PWR, plutonium en-

riched UO
2

if ENRCH >10 or <2 set

IPLANT = 0
~ = -1, user input radial

power profile (see

RAP 9W)

= 4, BWR, plutonium en-

riched U0
2

if ENRCH >6 or <l.5 set
IPLANT = 0

JDLPR Index for axial increments to = 1, and NOPT = 0, peak

be output power increment only
/ 1, and NOPT = 0, all
increments

JN Number of entries in each set of omit if IQ = 1. Maximum

QF and X tables of 40. If more than one
shape JST must be input.

Number of values must
equal number of axial
shapes used.

NT Number of equal length axial must be odd integer

nodes 3<NT <l7

"7 1569 073



'..
.

,

,

.

Variable Description Restrictions and Options

NUNITS Units to be input (defaults to = 0, SI units are input

SI units) = 1. British units are
input

2
P2 System pressure (psia, N/m ) if NSP = 1, input one

value for each power

level

QF Pointwise axial heat flux number of entries must

normalization factors equal JN for each axial
shape. I < Q < 41 for

each shape up to 5

shapes. If more than
one shape, normalize

all shapes to the

average

QMPY Heat flux at each power = kW/ft or W/cm if
(Btu /hr-ft ) or (kW/ft, W/cm) first value is less

than 100.

= Btu /hr-ft if first

value is greater than

100. Must be greater
than zero however

TIME Table of accumulated times. = seconds if first value
(end of step times) Correspond- greater than 17.0
ing to QMPY entries (sec) or = hours if first value

(hours) >0.01 hour but, <l.0 hour

TOTL Fuel stack height (ft, m) none

9
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Variable Description Restrictions and Options

TW Inlet water temperature ( F, K) if GO = 0 TW is clad
surface temperature.

If NSP = 1, input one

value for each power
step

VS Total number of spring turns none

X Table of axial stations cor- number of entries must

responding to QF entries (ft, m) equal JN for each axial
shape. 1 < X < 41 for
each shape up to 5
shapes. First value must
be 0.0 and last value
must be equal to the
total length TOTL

The following variables are predefined in the code. It is not

necessary to include these cards in the input data deck unless a value
other than that listed below is desired. The " additional" factors
(i.e., ACOR, etc.) may be used in parametric or scoping studies.

2.2 Optional Input

Default
Variable Value Description Restrictions and Options

AFAL 1.0 Additional thermal /

expansion factor

1569 075119
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Default
Variable Value Description Restrictions and 00tions k

AFCR 1.0 Additional creep accel- /0

eration factor

AFDN 1.0 Additional densifica- none

tion factor

AFGR 1.0 Additional fractional /0
gas release multipli-

cation factor

AFTC 1.0 Additional fuel thermal /0
conductivity multipli-

cation factor

AFSW 1.0 Additional fuel /0
swelling multiplica-
tion factor

AMFAIR 0.0 Absolute mole fraction use only if IDXGAS = 6
of air

AMFARG 0.0 Absolute mole fraction use only if IDXGAS = 6
of argon

AMFFG 0.0 Absolute mole fraction use only if IDXGAS = 6
of fission gas

.

AMFKRY 0.0 Absolute mole fraction use only if IDXGAS = 6
of krypton and AMFFG = 0.0

AMFXE 0.0 Absolute mole fraction use only if IDXGAS = 6
of xenon and AMFFG = 0.0

0
.
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Defaul t

Variable Value Description Restrictions and Options

,

AMFHE 0.0 Absolute mole fraction use only if IDXGAS = 6

of helium

AMFH2 0.0 Absolute mole fraction use only if IDXGAS = 6

of hydrogen

AMFH2O 0.0 Absolute mole fraction use only if IDXGAS = 6

of steam

AMFN2 0.0 Absolute mole fraction use only if IDXGAS = 6
of nitrogen

AMI 0.0 Change in flux depres- = 0, constant flux

sion factor per unit depression factor

burnup between BUCRIT

and end of problem

AMD 0.0 Change in flux depres- = 0, constant flux

sion factor per unit depression factor

burnup between zero

burnup and BUCRIT

BETA 1.0 Porosity correction to none

fuel thermal conduc-
tivity

BUIN 0.0 Initial fuel burnup should include input of
(mwd /MtU,MWs/kg) fission product mole

fractions

BUCRIT 0.0 Burnup at which flux = 0, AM0 not used

depression factor
changes slope (mwd /MtU, 1569 077
MWs/kg)
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Default
Variable Value Description Restrictions and Options

CATEXF 0.05 Texture factor (frac- 0.0 1 CATEXF 1 1.0
tion of cladding cells

with basal poles
parallel to the tube

axis)

COLDWX 0.0 Cold work of the none

cladding

COMP 0.0 Weight percent of PUO 0.0 < COMP < 100.02

in mixed oxide fuel

CRDT 1.0 Initial crud thickness
(mil,m)

CRDTR 1.1415525 X 10'4 Crud buildup rate used only if ICOR = 2
(mil /hr,m/s)

DENG 0.75 Porosity correction to none

pellet density (%)
emersion (true) density
to geometric density

EX0 1.0 Surface roughness minimum of 1.0
factor in gap conduc-
tance calculation

FA 1.0 Nuclear axial hot = 1.0, if QF table is nor-

channel factor (peak / malized to the average,
average) dnd QMPY = average heat

flux. > 1.0, if IQ = 1

and QMPY = peak heat

fl ux .
.
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Variable Value Description Restrictions and Options
.

> 1.0, if IQ table is nor-

malized to the peak, and
QMPY = peak heat flux

- FLXDP 0.9999 Initial value of flux used only if ENRCH = 0.0

depression factor and IPLANT not specified.

Must be less than 0.9999

.
.

FLXDP = 2b (ca)- Go
ca[I,(ca)J

a = pellet radius (in.)
'

= reciprocal of thermal

diffusion length (in. I)-

. I = zero order modifiedg

', Bessel function (first
kind)

I) = first order modified
function (first kind)

17
FLUX 6x10 Fast neutron flux none

experienced by rod

FQE 1.0 Heat flux engineering multiplication factor on

factor QMPY values

GRNSZ 5.0 microns Initial grain size none

_

ICDR 0 Index for crud model = 0, corrosion model

constant crud, no crud

temperature drop if

boiling.

= 1, corrosion model,
constant crud, crud

temperature drop if
boiling.
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Default
Variable Value Description Restrictions and Options

= 2, corrosion model,

varying crud, crud

temperature drop if

boiling -

JST IM*1 Indicates type of IQ must = 0. Must be
axial power shape one type number for each

to be used for each time step, (the first QF
time step and X array is Type 1,

the second is Type 2,
.

etc.), maximum of five
types. The axial shapes

must be normalized to
the average

LINKT 4 FRAP-T link index = 1, link is to FRAP-Tl
,

= 2. link is to FRAP-T2

= 3, link is to FRAP-T3

= 4, link is to FRAP-T4

.

MDBG 0 Summary power step = 0, no debug output
debug output index = 1, debug output

MODE 0 Stack calculation = 0, stack calculations

selector are made

= 1, stack calculations

are not made

ND8G 0 Debug printout index = 0, normal output
= -1, full debug output.
To obtain debug output
at only one power level

.

set NDBG equal to that
power level number

NFR DD 1 Number of like fuel None

rods being analyzed
124
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Default
Variable Value Description Restrictions and Options.

NGAPC i Gap conductance model = 0, cracked pellet model
,

se'ector = 1, annular gap model

~

NjlFAIL 0 Fcilure Subcode switch = 0, failure subcode is used

and results output
= 1, failure subcode is

bypassed

NDPT 3 Printout selector = 0, full output

= 3, short (tabular)
output

.

NPCYCL 0 Number of previous None

power cycles

NREAD 0 FRAP-S restart read = 0, no restart

index = 1, read restart tape

NRESTR 0 FRAP-S restart write = 0, no restart write

index = 1, write FRAP-S restart

tape
.

NROLL 0 Restart tape rewind = 0, rewrites in same

index storage space
= 1, writes a string of

-

.

restart information for

each power step

NSP O Varying system para- = 0, constant system param-
meter eter (P2, TW, GO)

= 1, varying system param-
eters

NSTART 0 Timestep for start of 0 1 NSTART 1 IM
debug output g gj

NSTOP 0 Timestep for end of 0 1 NSTOP 1 IM
debug output and NSTOP > NSTART
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Default
Variable Value Descriotion Restrictions and Options

NTAPE 0 FRAP-T restart index = 0, no restart data
.

stored
= 1, restart data stored.

for FRAP-T use

PPMH2O 0 Fuel initial water none

content (PPM)

PPMN2 15.0 Fuel initial nitrogen none

content (PPM)

QEND 0.3 Normalized heat flux must be one value for
at top of fuel stack each axial shape. Used

to determine heat flow
into the plenum

RAPOW 1.0 Normalized radial IPLANT must be -1. Input

power profile eleven values from the
fuel surface to the

.

fuel center assuming
equal areas between

radial nodes

RC 0.0 Pellet core radius none

(in.,m)

ROUGHC 4.8 x 10-5 Arithmetic mean rough- none

ness height of cladding
(in.,m)

ROUGHF 8.5 x iC-5 Arithmetic mean rougn- none

ness height of fuel

(in.,m)
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Default
Variable Value Description Restrictions and Options

R0 DC0/24 Cladding outside radius do not input DC0
(ft,m)

RDF DP/24 Pellet radius (ft, m) do not input DP

SGAPF 30 Fission gas atoms per none

100 fissions

TCC (DCD-DCI)/2 Clad thickness (in., m) do not input DCI

TSINT 2912 Fuel sintering tempera- none
ture (*F, K)

UMELT MATPRO User specified none

Compute- cladding failure
Value melt temperature

criterion

U0FD 17.0% User specified none

cladding oxide
failure depth
criterion

2.3 Plot Inout

The following is the input data for plotting. If no plots

are desired, follow the "3END" card of the preceding input with
card 1 below. It plots are desired, the "$END" card is followed
with first, a full set of plot data, and then a set of plot JCL
from SECTION III.

1569 083
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Card No. 1

O
'

Columns Fortnat Name 0eantity

1-5 I NPLTN0 Number of axial nodes at which plots
'

are desired. If no plots wanted,

input the number 0.

Card No. 2 - Specification of axial nodes at which plots are wanted

Columns Format Name Quantity

1-5 I IAPLT(1) Number of an axial node at which
plots are wanted.

6 - 10 I IAPLT(2) Number of an axial node at which
plots are wanted.

Repeat as necessary for IAPLT(K) (K being an axial node number)

Card No. 3 - Time axis

Columns Format Name Quantity

1 - 10 F TSTART Minimum time on time axis (hr, sec).

11 - 20 F TEND Maximum time on time axis (hr, sec).

21 - 30 F AXLT Length of time axis (in.).

.

31 - 70 A L8BLT Label to be given time axis.

O
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Card No. 4 - Cladding surface temperaxis ( F, K)

Columns Format Name Quantity

1 - 10 F TSMIN Minimum cladding surface temperature
.

on axis (*F, K).

11 - 20 F TSMAX Maximum cladding surface temperature

in axis ( F, X).

21 - 30 F AXLTS Length of surface temperature axis

(in.).

31 > 10 A LABLTS Label to be given surface temperature
axis.

Card No. 5 - Fuel centerline temperature axis

Columns Format Name Quantity

1 - 10 F TOLMIN Minimum fuel centerline temperature

on axis ( F. K).

11 - 20 F TOLMAX Maximum fuel centerline temperature
on axis ( F, K).

21 - 30 F AXLTMP Length of centerline temperature
, axis (in.).

31 - 70 A LABLTM Label to be given centerline temper-
ature axis.

Card No. 6 - Gas pressure axis

Columns Format Name Ouantity

1 - 10 F PMIN Minimum gas gap pressure on axis
2(psia, N/m ).
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Columns Format Name Quantity

11 - 20 F PMAX Maximual gas gap pressure on axis

(psia, N/m ). '

21 - 30 F AXLP Length of gas gap pressure axis

(in.).

31 - 70 A LABLP Label to be given gas gap pressure
axis.

Card No. 7 - Cladding hoop strain axis

Columns Format Name Quantity

1 - 10 F EPSMIN Minimum cladding hoop strain on axis

(dimensionless).

.

11 - 20 F EPSMAX Maximum cladding hoop strain on axis

(dimensionless)'.

21 - 30 F AXLEPS Length of cladding hoop strain axis

(in.).

31 - 70 A LABLE Label to be given cladding hoop
strain.

Card No. 8 - Fuel axial displacement axis

Columns Format Name Quantity

1 - 10 F UZFMIN Minimum fuel axial displacement on
axis (ft, m).

11 - 20 F UZFMAX Maximum fuel axial displacement on
axis (f t, m).
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Columns Format Name Quantity

21 - 30 F AXLUZF !.ength of fuel axial displacement

axis (in.).

31 - 70 A LABLUF Label to be given fuel axial dis-
placement axis.

Card No. 9 - Cladding axial displacement axis

Colums Format Nfme
Quantity

1 - 10 F UZCMIN Minimum cladding axial displacement
on axis (ft, m).

11 - 20 F UZCMAX Maximum cladding axial displacement
on axis (ft, m).

21 - 30 F AXLUZC Length of cladding axial displacement

axis (in.).

31 - 70 A LABLUC Label to be given cladding axial
displacement axis.

Card No.10 - Fuel rod power axis

Columns Format Name Quantity

1 - 10 F PMIN Minimum linear fuel rod power on axis
(kW/ft,W/m).

11 - 20 F PMAX Maximum linear fuel rod power on axis
(kW/f t, W/m).

21 - 30 F PLEN Length of linear fuel rod power axis

(in.).
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Columns Format Name Quantity

9
31 - 70 A PLABL Label to be given fuel rod power *

axis.
.

Card No.11 - Fuel surface temperature axis

Columns Format Name Quantity

1 - 10 F TFSMIN Minimum fuel surface temperature on

axis (*F, K).

11 - 20 F TFSMAX Maximum fuel surface temperature on
axis ('F, K).

21 - 30 F TFSLEN Length of fuel surface temperature

axis (in.).

31 - 70 A TFSLAB Label to be given fuel surface
temperature axis.

Card No.12 - Gap heat transfer coefficient axis

Columns Format Name Quantity

1 - 10 F HGMIN Minimum gap heat transfer coefficient
2 2on axis (Stu/hr- F-f t , W/m -K).

11 - 20 F HGMAX Maximum gap heat transfer coefficient
2on axis (Btu /hr ''F-f t , W/m ,g),

.

21 - 30 F HGLEN Length of gap heat transfer

coefficient axis (in. ).

31 - 70 A HGLABL Label to be given gap heat transfer
coefficient axis.
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Card No.13 - Surface heat transfer coefficient axis

Columns Format Name Ouantity
,

1 - 10 F HSMIN Minimum surface heat transfer
coefficient on axis (Btu /hr- F-ft ,

W/m -X).

11 - 20 F HSMAX Maximum surface heat transfer
2

coefficient on axis (Btu /hr 'F-f t ,

2
W/m -K).

21 - 30 F HSLEN Length of surface heat transfer
coefficient axis (in.).

31 - 70 A HSLAB Label to be given surface heat
transfer coefficient axis.

Card No. 14 - Average cladding temperature axis

Columns Format Name Quantity

1 - 10 F TAMIN Minimum average cladding temperature
on axis ( F, K).

11 - 20 F TAMAX Maximum average cladding temperature
on axis (*F, K).

21 - 30 F TALEN Length of average cladding tempera-

ture axis (in.).

31 - 70 A TALABL Label to be given average cladding
temperature axis.

.

133

1569 089



.

'.
.

Card No.15 - Zircaloy-Oxide thickness axis

Columns Format Name Quantity ~

1 - 10 F ZOMIN Minimum Zr0 thickness (mil, m).
'

2

11 - 20 F ZOMAX Maximum Zr0 thickness (mil, m).
2

thickness (in.).21 - 30 F Z0LEN Length of Zr02

31 - 70 A ZOLABL Label to be given zircaloy-oxide
thickness axis.

Card No.16 - Mole fraction of helium

Columns Format Name Quantity

1 - 10 F MFMIN Minimum helium mole fraction on axis.

11 - 20 F MFMAX Maximum helium mole fraction on axis.

21 - 30 F MFLEN Length of helium mole fraction axis

(in.).

31 - 70 A MFLABL Label to be given helium mole
fraction axis.

Card No.17 - Plenum temperature axis

Columns Forna t Name Quantity
,

1 - 10 F TPMIN Minimum plenum temperature on axis

( F or K).

11 - 20 F TPMAX Maximum plenum temperature on axis

( F or K).
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Columns Format Name Quantity

21 - 30 F TPLEN Length of plenum temperature axis

(in.).

31 - 70 A TPLABL Label to be given plenum temperature
axis.

Card No. 18 - Rod gas increase

Columns Format Name Quantity

1 - 10 F RGMIN Minimum gas increase on axis (% of

initial).

11 - 20 F RGMAX Maximum gas increase on axis (% of

initial).

21 - 30 F RGLEN Length of gas increase axis (in.).

31 - 70 A RGLABL Label to be given gas increase axis.

Card No.19 - Mass flux axis (plot of average mass flux in coolant
channels surrounding fuel rod)

Columns Format Name Quantity

1 - 10 F GMIN Minimum mass flux on axis
2 2(lbm/ft -hr or kg/m -s).

11 - 20 F GMAX Maximum mass flux on axis
2(lbm/ft -br or kg/m -s).

21 - 30 F GLEN Length of mass flux axis (in.).

31 - 70 A GLABL Label to be given mass flux axis.
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Card No. 20 - Fuel stored energy

Columns Format Name Quantity

.

1 - 10 F SEMIN Minimum stored energy on axis

(Btu /lbm, Cal /gm).

11 - 20 F SEMAX Max 1,num stored energy on axis

(Btu /lbm, Cal /gm).

21 - 30 F SELEN Length of average stored energy axis (in.-).

31 - 70 A SELABL Label to be given average stored energy axis.

Cg d_60. 21 - Coolant pressure axis (plot of average pressure in coolant
channel surrounding fuel rod)

Columns Format Name Quantity

1 - 10 F PCMIN Minimum pressure on axis (psia or

N/m ).

11 - 20 F PCMAX Maximum pressure on axis (psia or
2

N/m ).

21 - 30 F PCLEN Length of pressure axis (in.).

31 - 70 A PCLABL Label to be given coolant pressure
axis.

Card No. 22 - Gap thickness axis

Columns Format Name Quantity

1 - 10 F THKMIN Minimum gap thickness on axis (mil

or m).

'36
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Columns Format Name Quantity

11 - 20 F THKMAX Maximum gap thickness on axis (mil

or m).

21 - 30 F THKLEN Length of gap thickness axis (in.).

31 - 70 A THKLAB Label to be given gap thickness axis.

Card No. 23 - Bulk temperature axis

Columns Format Name Quantity

1 - 10 F TBMIN Minimum bulk temperature on axis

( F or X).

11 - 20 F TBMAX Maximum bulk temperature on axis

( F or X).

21 - 30 F TBLEN Length of bulk temperature axis

(in.).

31 - 70 A TBLAB Label to be given bulk temperature
axis.

3. JOB CONTROL LANGUAGE (JCL)

3.1 JCL Cards for Creating a FRAP-S3 Load Module on the INEL IBM 360/75
Computer

Card No.

1 Job Card

2 // COR=360, CPU =003,WT=001,SR=T1

'37
1569 093



. .

*
..

.

3 //STEPl EXEC FTNHCL, COSET ='X1',MEMB='(X2)',

4 // DISP = '( ,CATLG) ' , UNIT = X3, SPACE = ' (TRK,(40,05,1 ),RLSE) ' ,
*

5 // CREG=240K.CPGS=290,XREF=XREF

6 //C.SYSUT2 00 SPACE =(TRK,(40,10)), UNIT =SYSCRA
,

7 //C.SYSIN DD DSN= 'X4', UNIT =TP9ANY, DISP =(0LD, KEEP),

8 // VOL=SER=X55

9 //L. ADD DD DSN =X6, DISP =(0LD, KEEP)

10 ll/L.SYSIN DD *
11 INCLUDE ADD (X7_)

12 ENTRY MAIN

where

X1 is the data set name assigned to the load module (for example

TEMP.GABFRAPS)

X2 is the member name associated with the load module name (for
example FRAPS)

X3 is the storage unit on which the load module is to be stored
(for example DKTEMP)

X4 is the tape identification name which contains card images of
the source deck (for example ANCFRAPS)

X5 is the tape number corresponding to the tape identification
name (for example T95246)

X6 is the name of the version of MATPRO, the material properties
package (for example MATPR003)

,

X7 is the member name associated with the material properties .

package load module (for example MATPRO).

O
.
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3.2 JCL Cards for Executing the Above Created Load Module on the INEL

IBM 360/75 Computer.

Card No.
.

1 // Job Card
2 // COR=360. CPU =Yl,WT=Y2

3 // STEP 2 EXEC PGM=g, REGION =360K

4 //STEPLIB DD DSN=Xl, DISP =SHR

5 //FT06F001 DD SYSOUT=A,0CB=(RECFM-FBA,LRECL=133,BLKSIZE=1596),

6 // SPACE =(7980,(200,16),RLSE)

7 //FT01F001 DD DSN=Y3, UNIT =Y4, DISP =(,CATLG),

8 // DCB=(BLKSIZE=574,LRECL=104,RECFM=VBS), SPACE =(TRK,(5,5),RLSE)

NOTE: Include cards 9 through 12 only if plots are desired.

9 //FT17F001 DD DSN=H. DISP =(, PASS), UNIT =DKSCRA,

10 // DCB=(BLKSIZE=560,LRECL=56,RECFM=VBS), SPACE =(TRK,(1000,60))

11 //FT18F001 DD DSN= H DISP =(, PASS), UNIT =DKSCRA,

12 // DCB=(BLKSIZE=560,LRECL=56,RECFM=VBS),S'? ACE =(TRK,(2,1))

13 //FT05F001 DD *

INPUT DATA:

where

Y1 is the total computer time required for the job in minutes

Y2 is the total wait time in minutes

Y3 is the name given to the restart data set (for example

TEMP.LJSRESTl)

Y4 is the storage unit on which the restart data is written (for
example DKTEMP)

1569 095
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Y5 is a scratch data set name to ce specified by the user (for
example && GAB 00017)

Y6 is a scratch data set name to be specified by the user (for
example && GAB 00018).

3.3 JCL Cards for Creating the Plot Code Load Module

If plots are desired an executable plot code load module should be
available. The following cards are required to compile the plot package
for FRAP-S2.

Card No.

1 // Job Card
2 // CDP =265, CPU =001,WT=001

3 //S1 EXEC FTNHCL,G0 SET ='21',MEM8='(Z2)',
4 // OPT = 2, DISP = ' ( ,CATLG)' , UNIT = Z3,CREG=265K,

5 // SPACE = '(TRK,(10,10),1 ),RLSE)' ,CPGS=100,
~

6 // XREF=XREF

7 //C.SYSUT2 DD SPACE =(TRK,(40,10)), UNIT =Z4

8 //C.SYSIN 00 *

SOURCE CARDS:

where

Z1 is the name to be assigned to the load module (for example
PLOTFRPS)

Z2 is the member name to be assigned to the compiled load module
(for example PLOTCD)

.

Z3 is the name of the anit on which the load module is to be
stored (for example OKTEMP)

@
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Z4 is a scru ah space unit (for example SYSCRA).

3.4 JCL Cards for Executing the Above Created Plot load Module (to

follow the plot input cards)
,

Card No.

1 //PLBTSTEP EXEC =Z2, REGION =200K

2 //STEPLIB DD DSN=Zl, DISP =(0LD, KEEP)

3 //FT06F001 DD SYS00T=A,0CB=(RECFM=FRA,LRECL=133,BLKSIZE=1596),

4 // SPACE =(TRK,(2,5))
_

//FT17F001 DD DSN=,Y_5, DISP =(DLD,0ELETE), UNIT =DKSCRA55

6 //FT18F001 DD DSN=Y6_, DISP =(0LD DELETE), UNIT =DKSCRA

7 // PLOT DD SYS0VT=(Y,,0003)

8 //FT05F001 DD *

where Zl, Z2, Y5, and Y6 are as defined in previous groups of JCL.
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APPENDIX 8

EXAMPLE PROBLEM INPUT AND OUTPUT
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APPENDIX B

EXAMPLE PROBLEM INPUT AND OUTPUT

.

This section presents the general format used for input to FRAP-52
and the output format showing the information a user would expect to
receive from a run.

(1) Example Problem Input
A set of data for an example problem is presented in Table B-I
and B-II.

(2) Example Problem Output

(a) Initial problem parameters and history information appear
in the first three pages of output as shown in the first

three pages of Table B-III.

(b) A typical set of output information for one axial station
is shown in the fourth page of Table B-III.

(c) A power step summary of the entire rod is presented on
the fifth page of Table B-III.

(d) A problem summary of information calculated at the peak
power axial level along with other information provided
at a problem's completion are shown on the seventh and
eighth pages of Table B-III.

'
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TABLE B-I

EXAMPLE PROBLEM DATA (PCM-20 PBF ROD)

Coolant Conditions: .

mass flux,1.0 x 100 (ibm /hr-ft )
inlet temperature, 642 ( F)
hydraulic diameter, 0.348 (in.)
pressure, 2250 (psia)

Fuel Rod Geometry:

fuel stack length, 3.0 (ft)
fuel rod outside diameter, 0.422 (in.)
fuel pellet diameter, 0.366 (in.)
plenum length, 2.0 (in.)

Fuel Initial Conditions:

density, 93.5 (% theoretical Jensity)
pressure, 300 (psia)
enrichment, 35 (%)

Power History:

a power ramp from 5 kW/ft to 10 kW/ft in 10 hours

.

O
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TABLE B-II

EXAMPLE PROBLEM
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APPENDIX C

FRAP-S LINK TO FRAP-T

.

A sample problem is presented to show the use of FRAP-52 results as
initial conditions for the transient accident analysis code FRAP-T2.

.

A typical PWR fuel rod is modeled for FRAP-S2 and an analysis is
made for a 2000 hour burnup on the rod. At 2000 hours, the rod is
subjected to a full-size break loss-of-coolant accident (LOCA).

Table C-I contains pertinent data on the rod. Figure C-1 shows the

response of the fuel rod for the two time scales defining long-term
operational behavior and short-term accident response.

The discontinuities evident in Figure C-1 at the transition between
normal and accident conditions are due to slight differences in similar

models of versions of FRAP-S and FRAP-T. Most of these differences have
been removed as part of the continuing development effort of versions of

FRAP-S and FRAP-T.

This link capability allows the user to initiate accidents at any
time during the operating cycle of a reactor and use a realistic set of
initial conditions as input for the accident analysis code.

1569 ii1
159

,



'

.

'

:.
.

TABLE C-!

FRAP-S LINK TO FRAP-T EXAMPLE PROBLEM SPECIFICATIONS ,

(PWR UO ENRICHED)2

Coolant Conditions:
2mass flux 1.917 x 106 (ibm /ft-ft )

pressure 2273 (psia)
inlet temperature 540 (*F)
hydraulic diameter 0.534 (in.)

Rod Geometry:

- fuel stack length 12 (ft)
fuel outside diameter 0.366 (in.)
cladding outside diameter 0.422 (in.)
plenum length 7.0 (in.)

Rod Initial Conditions:

internal pressure 600 (psia)
enrichment 3 (%)
density 93.288% theoretical

Power History:

linear ramp from 0.0 kW/ft to 11.08 kW/ft in 50 hours, then
held for the remainder of 2000 hours

- _ _ _
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E ARLY LINK RESULTS
FRAP-Si FRAP-Ti
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Fig. C-1 Early link results.
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APPENDIX D

CONFIGURATION CONTROL PROCEDURE

.

A Configeration Control Procedure (CCP) has been defined to main-
tain a traceability of results from developing computer codes. During

the development process of a computer code, requirements exist for using
the code for generating both checkout results and production results,
depending on the stage of development.

The Configuration Control Procedure consists of a method by which
changes can be made to the code and traceability of results maintained.
Any time a modification to the code is made, the following data are
taken:

(1) Version of code to which modification was made
(2) Reason for modification
(3) Results affected by modification

(4) Date of modification
(5) Person responsible for modification
(6) The change cards used to modify the original version of the

code.

A tape update routine is used to modify the code. This routine requires

only those computer cards defining new statements or deleting old
statements. These " change cards" are kept on file .so any version of the
code can be reproduced if necessary.

A new identification number is assigned to the modified version of
the code and this new number is programmed into the code where it will
be listed at the top of each page of output and on each plot produced by
the code.
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APPENDIX E

MATERIALS PROPERTIES CORRELATIONS EMPLOYED BY FRAF-S3
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APPENDIX E

MATERIALS PROPERTIES CORRELATIONS EMPLOYED BY FRAP-S 3

.,

A materials properties subcode is used to provide the computational
subcodes of FRAP-53 with gas, fuel, and cladding properties. Table E-I
lists those properties from one of the two references which are used by
FRAP-S3 given below.

1. P. E. MacDonald et al, MATPRO - A Handbook of Materials Properties
for Use in the Analysis of Light Water Reactor Fuel Rod Behavior,
ANCR-1263 (February 1976).

2. P. E. MacDonald et al, MATPRO - Version 09 - A Handbook of

Materials Properties for Use in the Analysis of Light Water Reactor
Fuel Rod Behavior, TREE-NUREG-1005 (December 1976).
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TABLE E-I

PROPERTIES INCLUDED IN MATPR0 USED BY FRAP-53
,.

Property Subcode Reference .

Fuel Material Properties

1. Specific Heat Capacity FCP 2

2. Thermal Conductivity FTHCON 2

3. Emissivity FEMISS 2

4. Thermal Expansion FTHEXP 2

5. Fuel Swelling FSWELL 2

6. Densification FUDENS 2

7. Restructuring FRESTR 2

Cladding Material Properties

1. Axial Growth CAGROW 2

2. Thermal Conductivity and Its Uncertainty CTHCON 2

3. Zr-Oxice Thermal Conductivity ZOTCON 2

4. Axial Thermal Expansion CATHEX 2

5. Diametral Thermal Expansion CDTHEX 2

6. Elastic Modulus CELM00 2

7. Strain versus Stress CSTRAN 1

8. Stress versus Strain CSTRES 1

9. Poisson's Ratio CP0IR 2

10. Meyer Hardness CMHARD 2

Gas and Fuel Rod Material Properties

1. Gas Thermal Conductivity GTHCON 2

2. Gas Viscosity GVISCO 2

3. Gap Heat Transfer GAPHTR 2

4. Physical Properties PHYPR0 2
'

O
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