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ABSTRACT

This document describes the Fuel Rod Analysis Program - Steady
State code (FRAP-S) and the verification of FRAP-S as a fuel rod analysis
tool. ’ )

FRAP-S2 (Fuel Rod Analysis Program - Steady State, Version 2) is a
FORTRAN IV computer code which can be used to solve for the long term
burnup response of a-1ight water. reactor fuel rod. The coupled effects
ot tuel and cladding deformation, temperature distribution, internal gas
accumulation, and pressure and material property on the behavior of the
fuel rod are considerced. Fission gas generation and relecase are calcu-
lated as a function of burnup. The cladding deformation model includes
multiaxial elasto-plastic analysis and considers creep.

FRAP-S2 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-S2 arises because it can be coupled to versions of the transient
fuel rod code FRAP-T. FRAP-S2 generates a set of initial conditions
used by FRAP-T to initiate analysis of transient accidents such as Joss-
of-coolant (LOCA), power coolant mismatch (PCM) and reactivity initiated
accidents (RIA).

A material property subcode. MATPRO. which is used to provide gas,
fuel, and cladding properties to the FRAP-S computational subcodes is
coupled to FRAP-S2. No material properties need to be supplied by the
code user. ‘

FRAP-S2 has been evaluated by making extensive comparﬁsons between
predictions of the code and experimental data. Comparisons of predicted
and experimental results are presented for a range of FRAP-S2 calculated
parameters.

. The code is presently programmed and rupning on the IBM 360/75 and
CDC 7600 computers.
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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 Commission 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-MOD002) is the second 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 developed 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-S2 is a moduiar code. FEach type of computation, such as the
internal gas pressure computation, is performed by an analytical model
programmed in a separate subcode or subroutine. This 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-S2 is MATPRO. This subcode is'composed of
modular function subprograms and subroutines which define the material
properties required by the computational subcodes of FRAP-S2. Each
function subprogram or subroutine defines only one material property.

‘ The developmental process of FRAP-S2 includes a verification effort
designed to test the analytical capability of the code.
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Experimental data on fuel rod response variables such as centerline
temperature and cladding deformation are compared with FRAP-S2 calculated

values.

This document describes the FRAP-S2 code and the verification of
the FRAP-S2 code, and is configured as two individual reports bound in
one document for user convenience. Each report is relatively independent
with regard to subject matter, references, and style of writing. The
MATPRO subcode is referenced in Appendix E of Report I.
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FRAP-S2: A COMPUTER CODE FOR
THE STEADY-STATE ANALYSIS
OF OXIDE FUEL RODS

REPORT I -- FRAP-SZ2 -- ANALYTICAL MODELS AND INPUT MANUAL
I. INTRODUCTION

~ FRAP-S2 (Fuel Rod'Ana]ysis Program-Steady State, Version 2) is a
FORTRAN IV computer .code developed to describe the steady state and
long-term burnup response of oxide fuel rods in 1ﬁght water reactors
(LWR). In addition, the code is designed to generate parametric data
required as initial conditions for transient accident analysis using
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 002) is the second 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-S is a modular code with each type of computation and analyt-
ical modé], 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

[y

impacting the unmodified portion of the code.

A major subcode of FRAP-S2 is MATPRO[4], see Appendix E. This
subcode is comprised of modular function subprograms and subroutines
which define the material properties required by the computational
subcodes of FRAP-S2. Each function subprogram or subroutine defines a

single material property.



The FRAP-S2 developmental process includes a verification effort
designed to test the analytical capability of the code. Fuel rod response
parameters, such as centerline temperature and cladding deformation as
predicted by FRAP-S2, are compared with experimental data, see Report II.

This document describes the FRAP-S2 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 11l and IV cover the analytical and correlative
models, respectively. Section V describes the computational flow of the
code and presents a detailed flow diagraonf‘the code for clarity.
Appendices contain a user input manual (Appendix A), a FRA?-S examp]é
problem (Appendix R), a prohlem 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).



1. . PROGRAM SUMMARY DESCRIPTION

The FRAP-S code is being decveloped to predict the behavior of fuel
rods during ]ong;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 c]addfng temper-
ature, rod internal pressure, fuel and cladding deformation, release of
fission product gases, fuel swelling, cladding thermal growth, cladding
corrosion, and crud dcposition as a function of timec and spccific 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-S2 contains models which calculate the following quantities as
a function of irradiation time:

(1) Coolant bulk and cladding axial temperature distribution

(2)'ATemperature 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



(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-S52 incorporates certain programming features which influence
its application to providing transient code initial conditions that are
dependent on prior operating history.

(1) Creep rates ére 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-S2
is equivalent to that exhibited by versions of FRAP-T. The
MATPRO 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



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 swe]]ing
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-S2 operated, the input features and
calculational procedures are given below.

3.1 Input Data 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

(b) Cladding outside diameter

(c) Cladding inside diameter



(d) Pellet diameter
(e) Percent of UO2 theoretical density
(f) UO2 enrichment
(g) Fuel stack length
(h) Co1a peliet 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 &onditions:
(a) Pfimary loop systemlpressure
(b) Croolant 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.



3.2 $Ca1cu]ation Procedure

The FRAP-S2 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
swe]]ing'and densitication, 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 axial 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 éubsequent~
iterations. For purposes of evaluating thermal expansion, fuel swel-
1ing, 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
computat1ona1 tool which is compatible with the transient acc1dent



analysis code FRAP—T[]]. For realistic evaluation of fuel rod response
during a reactor accident transient such as a loss-of-coolant accident
(LOCA), a rea]istic éet of initial conditjons, 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 samp]é 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 1ink between FRAP-S2 and FRAP-T is accomplished by having
FRAP-S2 generate a magnétic tape containing FRAP-S2 calculated information
in the format of a FRAP-T restart tape.

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

(1) - Gap pressure (vector)
(2) Fuel rod outside diamefer (vector)
(3) Radiaf gap thickness (vector)

- (4) Créck 90]ume per unit Tength (vector)
(5) Interfacial pressure (vector)
(6) Rod sﬁrface heat flux (vector)
(7) Fuel outside radius (vector)

(8) Axial cladding strain (vector)

(9) Radial cladding strain (vector)



Length change of fuel stack

Area of the top pellet

Length change of the cladding

Total moles of gas in the rod

Temperature distribution (vector)

Node location (vector)

Fuel displacement due only to swelling (vector)
Cladding creep strain (vector)

Cold gap thickness

‘Mole fractions of fuel rod gases.



II1. DESCRIPTION OF ANALYTICAL MODELS

The major analytical models of FRAP-S2 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 1ists 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.

T. FUEL ROD 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 following -assumptions: T SR -
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(1) No axial heat conduction

(2) No circumferential heat condﬁction *

(3) Steady state boundary conditions during each time step
(4) Gamma heating effects are negligible.

1.2 Fue1 Rod Surface Temperature

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

1.2.1 Coolant Conditions. FRAP-S2 performs 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 (2) =T, 4 / [4q..- (2) /(chDe)] @ (1)
() .
where
Tb(z) = bulk coolant temperéture at a{ial position
Tin = inlet coolant temperature
q''(z) = rod surface Heat flux at axial position
Cp = heat capacity of the coolant
G = coolant mass flow rate
De . = unit flow channel heated diameter.
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' The rod surface temperature at axial elevation z is taken as the
minimum value between the following expressions:

Tw(z) = Tb(z) + ATf(z) + ATc(z) (2)
Tw(z) - Tsat * ATJ.L. (?)
where
Tw(z) = rod surface temperature at z (°F)
ng(z) - vforced convection film temperature drop at z (°F)
Af;kz) = crud temperature drop (°F)
Tsat = coojant saturétion temperature (°F)-
AT ; = " nucleate boiling temperature drop .(°F).

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

6Te(z) = q"(z)/he (4)
where hf is the Dittus-Boe]ter[SJ film conductance; and

he = (0.023k/De) R

0.8,0.4
f e Pr ()
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énd

AT, = q"(z) i—i
wherg
éc = crud thiFkness
kc_ = cfud thermal conductivity (0.5 Btu/hr-ft-°F)
Re ~ Reynolds number
P, = ‘Prandt1 number.

The nucleate boiling temperature drop is based on the Jens—Lottes[G]
formulation:

8Ty | (2) - 60 [q"(z)/106]0'25/e(P/900) (6)

where
p = -system pressure (psia).

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 ZrO2 surface temperature.

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

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

13



BTyp0, (2) = 0*(2) 87,0 (2)/kypg (7)

where

oxide thickness at axial position (ft)

6 z
7r02( )

erO oxide thermal conductivity (Btu/hr-ft-°F)
?

1.3 Cladding Temperature Drop

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

Mg = 9'(2) Ry o0 (Ry/R)/K q4(T) (8)
where
Ro = cladding outside fadius (ft)
R, = cladding inside radius (ft)
kc]ad(T) = temperature and material dependent thermal

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

1.4 Gas Gap Temperature Drop

FRAP-S2 contains two different gap conductance models. The first
is based on a cracked pellet geometry[7] and the second is a modification
of the Ross and Stoute[s] model.

14



1.4.1 Cracked Pellet Model.

Assumptions:

(1) Nonuniform geometry of the open 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 cracked 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 ' ‘

and

- ta, = 1 (10)

15



where

F = fraction of pellet in contact with the cladding
aD = - diametral gap (in.)
bF = hot diameter of the fuel pellet (in.)

a], a2, 33, and a4 = empirical -COhSténtS detérminéd from data.

The constant a, represents the minimum fraction of pellet-cladding
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 lor Lhis furm of Lhe equa-
tions is that the cFacks (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-
rladding contact. Radiation heat transfer écross the open gap is assumed
negligible, since reasonable gaps are always small and thus sufficient]y
large temperature differences between the fuel and cladding do not exist.
Heat transfer across the gas gap is therefore calculated from the equation

hgap =(1-F)h +Fh, (11)

where

net gap conductance (Btu/hr-ft2—°F)

- -
1}

gap

1 .open gap conductance (Btu/hr-ft2-°F)

=
fl
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h2 = zero pressure contact conductance (Btu/hr-ft2-°F).

The open gap conductance is determined from equations

k .
__ mix
v (12)
and
2 2\ 1/2
Ar' = r2 - -2 (13)
17T - F
where.
kmix = thermal conductivity of gas mixturé (Btu/hr-ft-°F)
ar' = average radial gap thickness of eccentric gas gap (ft)
§ = root mean square of the fuel cladding surface roughness
A value of 14.4 x 10°° £t is normally used
r - hot calculated inside radius of cladding (ft)
ry = hot calculated radius of fuel (ft).

(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 Todreas[g], is used. The governing equation for
contact conductance is

k. .
hyap = Cp P" + 2 (14)
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where
hgap = net gap conductance (Btu/hr—ft2-°F)

C = 0.475 for stainless steel cladding and 0.600 for
zircaloy-2 and zircaloy-4 cladding

p = pellet-cladding contact pressure (psi)

1 for 0 < P <1000 (psi) and 0.5 for p > 1000 (psi).

= -
1}

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
is consistent with the Ross and Stoute[a] theory of contact conductance
only if the surface peaks of one of the materials are flowing plastically.
If the contact points of both materials are behaving elastically the
correct value for the exponent, n, is approximately 0.5. The experimental

[10]

that for metal-ceramic pairs the transition pressure from elastic to

results of Fenech and Rohsenow support this value and also indicate

plastic flow is approximately 1000 psi. The parameter kmix/6 accounts
for the heat conduction through the gas in the gaps between contact

points.

1.4.2 Ross and Stoute Model.

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

(2) Elastic cladding deformation at the points of fuel and cladding
contact after 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



where
hg = gap conductance
Kg ) = conductivity of gas in gas gap
tg = _hgap thickness
9y = temperature jump d}stan;é at cladding inside surface
9, = temperature jump distance at fuel outside surféce
hr = radiant heat transfer conductance.

Radiant heat transfer conductance is computed using the following equation:

h,. = oFe(Ti + TE)(Tf +T) ' (16)
where
hr = radiant heat transfer conductance
6 = Stefan-Boltzman constant
Fe = emissivity factor
Tf = temperature’of'butside surface of fuel
To = temperature of inside surface.of cladding.
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where

equation presented in the GAPCON code repor

wherae

The emissivity factor is computed by the equation

C

£ 1 . | SR
7 (g -1l (17)

-l
e [ef ' c C

e
emissivity factor

emissivity of fue]Asurface

emissivity of cladding inside surface
oulside radius of fuel

inside radius of cladding.

The temperature jump distance is computéd by an empiriéa]]y derived

9 * 9,

(13,

The equation is

' - g v Iy V2
9 + 9, = 5.448 [ () ] (18)

jump distance (cm)

= vjscosity of gas (gm/cm-sec)
= " pressure of gas (psi)

= tgmperature of gas (K)

= molecular weight of gas.
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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 Stouté[g]. The

equation 1is

where

H

~a constant -- 0.5 cm

K_P. K
h = —— 1 4 —3 + 19
g 20-5 c(Re#R.) + (g9 +9,) hy (19)
a0 H _

gap conductance (cal/sec-cm2-°C)

2kfkC

“f+kc-

fuel conductivity (cal/sec-cm-°C)
cladding conductivity (cal/sec-cm-°C)

interfacial pressure between fuel and cladding (psi)

1/2

2 2 1/2
(Re ¥ Re)

2
arithmetic mean roughness height of cladding (cm)

arithmetic mean roughness height of fuel (cm)

Meyer-Hardness of cladding (psi).

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

¢ = 1.98 ¢70-00125 P, (20)
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where

p = interfacial pressure between fuel and cladding (kg/cmz).

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 LASER[”:| generated radial power distribution data. The model
accounts for the spatial effects of isotopic produclion on pellel
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

‘ - okr %% +q'"''(r)rdr = 0 (21)

dk o d
a(k + Ir dr)(r + dr) TF

r + dr r

Where the terms ére defined in Figure 1. After rearrangement of Equatibn
(21), omission of higher order terms, and integration we obtain:

krg—}=-/ r‘q"'(r‘)df. ' (22)

0
A second integration, from the pellet surface, a, to some point, r,

gives:
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a7 [ [ dK a7
gq"'(r) —> " |r+dv (df dr) dr lr+dr
K— ( heat flux out) '
2 { heat flux in)
|
| *INEL-A-2185
- r dr -
- r + dr ®
Fig. 1 Heat conduction in fuel rod.
Ty a r o
/ k(T)dT =[ [/ q"'(r)rdr:l dr/r. (23)
Ta r 0

From a least square surface fit of the LASER code output we obtain
values of P,, P,, and P,.

(24)
where the P's are some function of time and enrichment and R is a fractional

radius.
The heat generation distribution of Equation (24) can be normalized
as follows: ‘

P
g'''(r) = __ q'° [P](EQ A 2 4 P3] (25)
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where

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

(kW/in.3)
q" "~ = average local power (kW/ft)
a , - = - pellet radius (in.)
q'“I = LASER averagé heat generation rate (kW/fn.3)
= 7.7316069 for PWR for typical
commercial rods
= 4.4353724 for BWR
.P], P2, and P3 = factors generated from LASER output which
vary with time and enrichment.
Then substitution of Equation (25) into Fquation (23) results in
T
r ) a r
’ i} \ | P
/ k(t)dt = m-g—.—ﬁ / / [P](r‘/a) 2 + P3] rdr dr/r(26)
L ‘ ‘
Ta : r n .
and integrating twice,
T .
r a P, +2
q' | e )
k(t)dt = TZwaq " / ‘ ——-—PZ + 5 Pt | dr/r (27)
(P2+2)a
T .
a r
r
+
: P1aP2 ) 1, .2 P]‘”P2+2 1, .2
k(t)dt = 2q p-+ PR - 7 - 7Py | - (28)
maq "' (P,+2)"a 2 (P,+2)"a
L 2 2
Ta
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The FRAP-S2 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, = vz -1)/10 - (29)

R4y = V(T - 1)/10 (30)

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
T P, +2 2
L+1 . P.R 2 P.R ‘
K(t)dt = —Sr | LL oy 2ppf LIt Lp gl (31)
™ (P,+2) (P,+2)
where RL and RL+1 are defined in Equations (29) and (30). Note that
r, = a * RL'

The value of skdT to any point r in the pellet is calculated by
summing each ring skdT.calculation of Equation (31), starting from the
surface. Then, from an empirical correlation of temperature as a function
. of skdT (polynominal fit of data) the.temperature of ring RL is calculated.

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 '

-7 P(r) 2ordr + 20rk(dT/dr) = 0 - (32)



where

r = the radius of the circle

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

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

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

3 (r) 2nrdr/ (f)aZn‘r‘dY‘ = '(‘Z/az)l‘ga-P’('r)’rdr (33)

P = 6
where a is the pellet radius.

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

2

q' = ma"P = 2maq". | (34)

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

Py = P(r) | oo (35)

The surface and center temperatures of the pellet are TS and Tc’
respectively.

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

P(r) =P =pP_. ~ (36)

26



Substituting Equation (37) in Equation (32) and carrying out the
integration gives

P0r2/2 + rk(dT/dr) = 0. (37)

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

2y = /T yar. (38)
T
S

2
(Po/4)(a%-r

Using Equations (34) and (37), Equation_(39)_betomes

(q'/87) (1-p2) = /T kdT - " (39)

T
S

~

where p is the dimensionless radius given by the equation

©
"

r/a. A (40)

At the center of the pellet, p’= Oand T = Tc in which case Equatibn
(39) becomes
‘ T

7 © kdT. o (41)
T .

q'/4n
S

An expression for radius as a function of temperature within the’
pellet may be found by solving Equation (39) for p:

o= - (4n/q')4T w2, (42)

S
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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) = AIO(Kr) o (43)
where.
A = a constant
IU = the zero order modified Bessel function of the first kind
K = the reciprocal of the thermal diffusion length -in the fuel.

The value of « depends upon the fuel density and enrichment. A plot
indicates that for UO2 of 95% theoretical density, k varies from 2 to 3
cm'] for enrichment values of 2.5 to 6% U-235. ‘Substituting Equation (43)
in Equation (35) leads to A = P, since IO(O) = 1. Equation (43) can thus
be written

P(r) = P_ I (xr). ' (44)
Substituting Equation (44) in Equation (33) gives
P = 2p_[1(xa)]/(xa) (45)
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

Por[I](Kr)]/K + rk(dT/dr) = 0. | (46)

28



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

(po/Kz)[Io(Ka)-x (kr)] = 7 kdT. Q (47)

Ts

0

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

(a'/am) {2l1 (<) 1o(xr) ]} /{ wally(xa)]} = 7 € kdT. (48)

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

T

(q'/4n) ( 2;10(Ka)-1]/ {Ka[i](Ka)]}) =7 © kdT. | (49)

/
.TS

The expression multiplying q'/4w in this equation is called f. Since f
‘is less than 1, a comparison of Equations (41) and (49) indicates that
the thermal heat ratinglassociated 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 thermal heat rating on fuel temperature and
consequently f is termed the flux depreésion factor. |

(4) Nonuniform Heat Generation (Parabolic Approximation). As

was shown above, a tedious calculation procedure is required to obtain

the radial temperature distribution for the nonuniform heqt generation

relationship given by Equation (44). Equation (44) can be approximated
very well by the relation

P(r) = P[1 + 0.27(xr)?]. (50)
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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)°] (51)

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

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

p = P_(1+B/2). | (52)

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

gration gives
(pré/2)1 + (8/2)(r/2)%] + rk(dT/dr) = 0.

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

(0 /) (2%-r?)[1 + B(a%+r?)/(4a2)] = ;1

. Ts

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

T kd1. (53)

%) + 41/(28+4) = ;7 kdT. - (54)
T
At the center of the pellet, p =0 and T = Tc’ in which case Equation

(54) becomes

(q'/47) (1-0%) [B(1+p

T ‘ N
(q!/4m)[(B+4)/(2B+4)] = L 1 © kdT. (55)
S .

Solving for B gives

B = 4(1-f)(2f-1). | (56)
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Substituting in Equation (54) gives
. 2 21 _ T o
(q'/4n) (1-p°)[f + (1-F)p®] = s kdT. (57)
S
Equation (57) is a quadratic equation in p2 which when solved for p gives

= 1-2f + {[q- - 16n(1-) kadT]/q'} 172 13- f)]”2 © (58)
Equation (58) enables solving for o in terms of T directly. Note that
for f = 1, Equation (58) reduces to p = [0/0]1/2.
rule to Equation (28) results in Equation (42).

Applying L'Hospital's

1.6 Stored Energy

The stored energy in the fuel rod is calculated by sUmmihg'the
energy of each pellet ring calculated at that ring temperature in the
same manner as one of the methods used in GAPCON-THERMAL- 1[3]

X~ i Cp(T)dT
2 / (59)
£ = i=1 298°C
- ,
where

E = stored energy
m, = mass of ring segment i
Ti = temperature of ring segment i
Cp(T) = heat capacity
m = mass of the axial segment
N = number of annular rings (10 maximum).
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2. .FUEL ROD INTERNAL :GAS :PRESSURE

‘2.1 ‘Assumptions

The -static fuel .rod internal -pressure model is based on the
following .assumptions:

(1) Perfect yas law tholds {(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:

MgR
p = - ~
q N
T, , (60)
v )AZ V Az
P+ +C_n : .
T, : Te )
P n=] ~n '
where
Pg = internal fuel rod pressure
Mg = moles .of 'gas in fuel rod
R = universal gas constant
' Vp = - plenum volume (defined by plenum.volume model)
n = axial node number
Tp = temperature of gas in plenum ..
iy,
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N = number of axial nodes into which fuel rod is divided for
numerical solution

Fen = radius of inside surface of fuel at axial node n
e = raQiys of éutside surfacg of fuel at axial node n
TGn = temperature of gasLin gas gap at axia] node n

Az - = fuel rod Iength associated with ana] node n

VC = fuel crack volume per unit length

'TC = temperature of the'crack volume.

2.3 Plenum Gas Temperature

The plenum gas temperature .is calculated 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 fo]]owing.

Natural convection from the top of the fuel stack is calculated
based on heat transfer coefficients from McAdams[]z] for laminar or
turbulent natural convection from flat plates.

Nu = c(GrPr)" (61)
where |
Nu = the Nusselt number
Grf =-  the Grashdf number
Pro = the Prandtl number
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and for

7

GrPr < 2.0 x 10° C

'0.25

‘0.54 and m -

or

7 0.33.

GrPr > 2.0 x 10 C = 0.14 and'm

]

The heat transfer .coefficient is calculated from

R e
where
.hp = the heat ‘transfer coefficient from the top of the pellet
stack to the plenum 'gas (Btu/hr-ft-°F)
Nu = Nusselt number gs found above
D = inside diameterfof the ciadding'of fﬁe.tép.nbdé,(ft)
k = conductivity of the p]enum'gas (Btu/hr-ft2—°F).

-

The overall effective conductivity from the coolant to the plenum is
found as follows:

- 1.0
Ue = D, '
In (g) ‘ (63)
T I, 1.0
'Dahf kC]ad DO (1.0 + aaT) hDB
2
where
UC = overall effective conductivity from the coolant to

~ the plenum gas (Btu/hr-ft-°F)
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D = hot state inside cladding diameter (ft)

hf = cladding inside surface film coefficient (Btu/hr-ft-°F)

Do = cold state outside cladding diameter (ft)

DI = cold state inside cladding diameter (ft)

Ketad = "cladding thermal conductivity (Btu/hr<f§2-°F)

a = coefficient of thermal expansion of the cladding
(ft/ft-°F)

AT = temperature difference between ciadding average

temperature and datum temperature (°F)

hDB = heat transfer coefficient between the coolant and the
cladding (Btu/hr-ft-°F),

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

rate of 1.146 Btu/hf—ft3 for every Btu/hr‘-ft2 of rod average heat flux
Qp = 1-146°0" Vg | (64)
where
Qsp‘ = energy generated:in the spring (Btu/hr)
d" = average heat flux of the fod‘(Btu/hrAft)
Vs = volume of the spring (ft3).

The plenum temperature is then approximated from the following
equation: ‘
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VT 2
+ +
0, UCE% BLK + T o ho = D/4 |
Tolen = — T Y o (65)
y-R 4+ PmD '
ch 4
where
'Qsp’ UC; D, "and hp‘are previously descrihed
and
'Tb]en“ == plenum temperature (°F)
_ ‘ o 3
Vp - volume uf Lhe plenum (Ft?)
TBLK ~'= " bulk coolant temperature at -the top axial
' increment (°TF)
Tpa = temperature associated with the insulator or top

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 éach time step as the difference between the
cold pcllct geometry and the hot pallet operating geometry.

Figure 2 shows: (A) a cold pellet interface configuration; and (B)
an 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. ’
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(a) Cold Pellet Interface

| _ //////////”""/////////////////""”/ (b)‘H01 Pellet Interface

¥

— Y

‘NEL-A-2184

Fig. 2 Pellet expansion.

- 3. CLADDING DEFORMATION-

3.1 Assumptions
The cladding deformation model is based upon the following aSsumptiQns:
(1) Incremental theory of plasticity

(2) Prandt1-Reuss flow rule

(3) Isotropic work-hardening

37



(4) Thin wall cladding (stress, strain, and temperature are uniform

Athrough cladding thickness)

(5) 1If fuel and cladding are in contact, no slippage occurs at
fuel-cladding interface

(6) Bending strains and stresses in c]édding are insignificant
(7) Axisymmetric luading and deformation of cladding.

This section 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 intcraction between the cladding and the
fuel pellels.

Fuel Rod and Cladding Analysis Subcode (FRACAS) consists of a set
of individual subroutines, each of which is 1ndependent 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 subrout1ne
COUPLE. The model considered is a thin cy11ndr1ca1 shell with prescr1bed
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 whén 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 and external pressures and a prescribed total change in length
of the cylinder. 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
peliets. '

The decision as to whether or not fhe 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, MATPRO[4]. 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 Toading increment. Subroutine STRESS
computes the effective stress given an increment of plastic strain and
the effective plastic strain at the end of the Tast 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 arc 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
prublem 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 extendihg 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 attémpt is made to briefly |
outline the structure of incremental plasticity, and to outline the Method
of Successive Substitutions (also called the Method of Successive Elastic
Solutions) which has been used so successfully in treating multiaxial

(sl e

elastic-plastic problems

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

o
_ 1 P
e]—-—E+e]+/adT

where e? is the plastic strain. The onset of yielding occurs at the
yield stress, which can be determined directly from Figure 3. Given a
load (stress) history, the resulting deformation can be determined in a
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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 deformation 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 staté; _The bulk of this evidence
supports the von Mises yield criteria, which assert that yielding -
occurs when the stress state is such that:
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0.5 [(0] - 02)2 + (02 - 03)2 + ('c.y3 - 01)2:] = oy (66)

where o; are the principal stresses, and-cy is the yield stress as
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,
Ggs and this effective stress is one commonly used type uf yield function.
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, ep. An increment of effective plastic strain jis determined
at each loadstep and €P is defihed as the sum of all increments incurred:

ef é,fdsp. - (67)

Each increment of effective plastic strain is related to the individual
plastic strain components by

\ ' 2
deP = \/g— [(dep ‘- dEZ)Z + (deFZ> - de; 2 + (deg - dei])) :l 1/2 {(68)

where the de? 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 ' :

P

de]P + dezp +de.f =0 o - (69)

3

and hence in a uniaxial test with 0) = 0, 0y = 03 = 0, the plastic
‘strain increments are

P_ P _ p
dez = de3 = -1/2 de-l

so that in a uniaxial test, Equations (66) and (68) reduce to’
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(70)

—

de de, .

Thus, when it is assumed that the yield stress is a function of the total
effective plastic strain (ca11ed 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 strain
increments and the effective plastic strain increment is provided by the
Prandt1-Reuss Flow Rule: ' o

S. i=1, 3. (71)

where Si are the deviatoric stress components (in principal coordinates)
defined by '

S. = g, - §-(o] to,t 03) i="1, 3. (72)

Equation (71) embodies the fundamental observation of plastic deformation
that the plastic strain increments are proportional to the deviatoric

" stresses. It may be shown[]3] that.the constant of'proportfona1ity 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 determined for a given

"loadstep, the total strains are determined from a generalized form of
Hooke's law given by: '
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€y = oy - v(02 + 03) + ei]) + de}]) + /oc]dT

™
[p®)
™| —

i P P
oy = vlog + °3)J tep? dey + /°‘2dT (73)

1 ] PP,
€3 = 03-\)(02*’0]) + e3+de3+ /a3dT

in which e?, ez,»and eg are the total plastic strain components at the
end of the previous lnad increment and v is Poisson's ratio.

The remaining ‘continuum field equations of equilibrium, strain
displacement, and strain.compatibility are unchanged. The complete set
of governing equations 1s presented in Table I, written in terms 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 resu]ting'p]astic deformation can easily be
determined. However, when the problem is statically indeterminate, and
the stresses and deformation must be found simultaneously, then the full
set of plasticity equations proves to be quite formidable even in the
case of simple Toadings and geometries.

One numerical procedure which as been used with considerable
success is the Method of Successive Substitutions. This can be applied
. to any problem for which an elastic solution can be obtained, either in
closed form or numerically. A full discussion of this .technique including -
a number of technologically useful examples is contained in Reference 13.
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TABLE 1
SUMMARY OF GOVERNING EQUATIONS

Equilibrium

54,3 +p fi =0
where
o = stress tgnsor
P = mass density
f. = components of body force per unit mass

Stress-Strain

Ces =

Tty
ij E

1]

Strain Displacement

Compatibility

i ke T Fka,ij T Sik,j2 T Sje.ik T

. Definitions used in Plasicity

ij - %35 3 %k

Prandtl-Reuss Flow Rule

. ; N - P
U 5ij (E Skk odT) +.eii

0

+ de?
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Briefiy, the method involves breaking_the loading path up into a
number of small increments. (For example, in the present app]icatioh,
the loads are external pressure, temperature, and either internal pres-
sure of prescribed displacement or the inside surféce 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 1s ubtained as fullows:

First, an initial estimate of the plastic strain increments de?j
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 Sij may

be computed. This represehts one path in the computational.scheme.

Independently, using the assumed desj values, the increment of
effective plastic strain dep may be computed, and from this and the
stress-strain curve, a value of the effective stress'oe is obtained. -

Finally, a new estimate of the plastic strain increments is obtained
from the- Prandtl-Reuss Flow Rule:
P
P _ 3 de
de..—z—S..

1] Oe 1)

and the entire process is continued until the de?j converge. A schematic
of the iteration scheme is shown in Figure 4.

The mechanism by which improved estimates .of depij are ublained
results from the fact that the effective stress obtained from dsp and
the stress-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 obtained.

The question of convergence is one that cannot, in general, be

answered a priori. However, it can be shown[]3] that convergence will
be obtained for sufficiently small load increments. Furthermore, lack
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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 convergénce 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 Modified Iteration Scheme. fo 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 Prandt1-Reuss flow rule, so no new hypotheses or
assumptions are involved. The iteration scheme is essentially the same
as the Prandt1-Reuss iteration scheme described above, except that the
iterated variables g and de?j (which are related by the highly nonlinear
stress-strain law) are replaced by & new pair of variables which are
related to deP in a more nearly linear fashion. The new variables are
€at? the equivalent modified total strain, and eiij’ the modified deviator
strains, and in terms of these new variables, the Prandtl1-Reuss flow

rule becomes

de.. = —e”’,.. , (74)
et R



Thus, €ot plays the role of o, and E'ij replaces the deviator stresses

e A
S At each step in the iteration, ¢_, is calculated from.the strains

ij” et
obtained from the pseudoelastic solution based on the previous values of
the plastic strain increments, and then dep is related to €at via the
uniaxial stress-strain curve by the expression
| 2 ﬂ)‘ o1d
df - et "3 \E/ e (75)

1+ 2 <1+v> <d°e>'
7\ —F
de old

old is the value of the effective stress at the end of the

in which o -
. o ’doe

last converged loadstep, and —p is the slope of the stress-plastic
- de' fold ‘ 4o

strain qurVe at the end of the last converged loadstep. Since(—=%) is

’ ‘ ‘ de /old
usually at least an order of magnitude smaller than the elastic modulus
E, it can be seen that the denominator in Equation (75): is nearly unity,

and thus de’ is very nearly linearly related to e Thus, the conver-

et’
gence difficulties associated with: the nonlinearity of the stress-strain

curve can be avoided.

Only the appropriate equations which are used in this Plastic
Strain-Total Strain iteration scheme will be given here. The full
derivation is presented in Mendelson's book[]3], Sections 7-9 and 9-1.
The modified strains are obtained from

i = €S+ deh (76)

in which e?j are the elastic strains defined by

e v, v
€55 °TF %ij ~ F %kk Gij' | (77)

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

. _ e P
®y5 T eyt deij (78)
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where eij are the elastic deviator strains, and the fact that de?i =0
has been used. The equivalent modified total strain is defined as
AVZ [ e V2 (e e N2k e e )2
et 3 [(En‘ e7pp) * (e75p - e733)" + (€733 - e7yy)" 4
Y .2 . 2 |1/72
6(¢ ]2) + 6(6, 23) + 6(¢ 3|) ] / . ) (79)

) A schematic out]ine of the Plastic Strain-Total Strain iteration
scheme is shown in Figure 5. The similarity with the previous iteration
scheme based directly on the Prandt1-Reuss flow relations is evident.

B - deP
—={ Assumed defj’ Tijr €jj> Computed from €ot =/2/3°ij &jj »  Obtained
"“Elastic” Solution and Computed from €y
i -
Hence e'ij= e?. +deP ‘::"d o-€ i
i .
Obtained ! urve
€et
New deﬁ Obtained from
=P
e'ij €et b dep
Process Repeated until Convergence is Obtained INEL-A-2180
il

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

At the start of each loadstep calculation, initial values of de?j
are assumed. Using these values, the pseudoelastic equations are solved
for new stresses and strains. From the strains so calculated €ot and
e'ij are obgained. Then, using the uniaxial stress-strain curve, a
value of de corresponding to €at is obtained using Equation (75)7
Finally, new estimates of de?j are obtained from the modified flow rule

de?j E ?E €y
et

and the process is repeated until convergence is obtained.
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This modified iteration 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 iterdlion process will not canverge to the appropri-
ate elastic solution, but will, in tact, generally divergc in this.case.
Thus, al each step in the iteration process it is necessary to compute
the effective stress and compare it with the current, work-hardened it
yield stress. If the yield stress has not been exceeded, then the .
plastic strain increments are set to zero. '

Not only will the mndified iteration scheme described abuve permit
convergent plasticity calculalions 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 a11 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-

lation by Ibrahim[14]. g "

Two features are notable. First, doubling the stress more than
doubles the strain. Second, the 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 € versus t) is con-
tinually decreasing. This is called the period of primary, or transient
~creep. From time t] to t2, the creep rate is approximate]y constant
(although it does depend on the stress level, temperature, radiation
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Fig. 6 Creep curves for zircaloy-2 at 300 C (572°F) (correlations from
Ibrahim, Reference 14). . '
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Fig. 7 Typical creep test taken to failure.
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flux, etc.). The region of constant creep rate is called the region of
secondary or steady state creep.

The final region is one 1in which the creep rate begins increasing
and is called the region of tertiary creep. In this region, the specimen
usually exhibits cracks or other nonuniform deformation, and hence, the
usual continuum theory 1is not applicahle. 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 neglécted in cumparison to the creep
incurred during the period of stcady state creep (at least for hold
times of less than 3000 hours) so that both transient and secondary
cfeep must-be included. This consideration i$ especially important when
comparisdnsqare to be made betweeh.code predictions and laboratory
expefiments{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:

: Ve-l = %— {‘0] - v(oz + 03) ]+ EFI’ + e.cl: + de? (80)
wheré
es = accumulated plastic strain
e% = accumulated creep strain
de? = increment of creep strain.

Although both plastic strains and creep strains are -permanent, there is
a fundameﬁta] difference between plasticity, which does not depend on
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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 individual lvads. The magnitude of the resulting
creep strain, however, is greatly affected by the time history of the
apb]ication of the Tloads.

Since creep is explicitly a time-dependent process, it would be
most appropriate to use a theoky 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 metals 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 imp]ementafion is currently beyond the scope of
‘present day computers. Further, the theory requires experimental data
which do not exist to date, and which wéu]d be relatively difficult to
obtéin, Thus, the use of a nonlinear visco-elastic theory is not within
the current state of the art. For a further discussion of this, reference
is made-to C. E. Pugh et a1[]5].

" 3.3.2 The Equation of State Approach. 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: '
' e = f(o,t,T,R) (81)

where

applied constant stress

Q
1]

time

-+
1l
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temperature

- irradiation flux parameter,

=
1]

The creep strain rate is obtained analytically by differentiating Equation
(81) to obtain . -
' e = g(02taT,R). | (82)

Now it must be kept 1n 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 a3 until time,t], and then the stress is changed to Oy- The-
question to be answered is: at what point on the o = 0, Creep curve do
we start our calculations for further creep analysis?  One of two hypo-
theses is common1y made:

\

Creep Strain

T ime

INEL-A-2179

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

54



(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 o]'to gy, 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
facfor. Thus, one moves from point 0 to point B in ngure 8.
Analytically, this is accomplished by eliminating Lime, t,
from Equation (82) by use of Equation (81) to obtain

£ = h(o,;,T,R) | (83)

qnd 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 comphtation tiﬁe for creep ca]cu]ations in
FRACAS, thg following procedure is utilized. It is assumed that the
creep law, Equation (81), is such that time can be explicitly evaluated
so as to obtain Equation (83), and that Equation (83) is available to
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FRACAS from a subroutine denoted CREPR. - Secondly, it is assumed that
Equation (83) can be written in the form

| 0 =0 (e,e,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 o given ¢ and e, but this can usually be done very
efficiently. For use in the FRAP codes, subroutine CREPR is obtaincd
from the mater1a1 propert1es subcode MATPRO. Subroutine CREEP uses the
analytic express1on for creep rate frum MATPRO and the method of succes-
sive substitutioﬁs. This results in minimizing the creep calculation
time. ‘

3.3.3 Extension to Multiaxial Creep Problems. A1l 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
introduce_an effective creep strain increment defined by

s V7ot ol '
3 de'ij deij (85)

which is, of course, directly analogous to the effective plastic strain
defined for the p]ast1c1ty ca]cu1at1ons Then the effective creep
strain rate is computed from ‘ '

.C c '

] [
€ = __de = X V 81.- (86)
The same effective stress is utilized:

4 ‘/i
2 %ij%;

It is then as§umed that the effective stress, oe,,and the .effective creep
strain rate, ec, 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, pressures, displacements etc.,)
are assumed to be applied stepwise. At each time that these loads are



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 app]ied‘in the usual fashion,
except that the effective stress,<oe, is obtained from the unia¥ia]
'creep curve at the iterated value of the effective creep rate, €°,
instead of from the uniaxial stress-strain curve. Thus, for each time
increment, At, the creep solution is obtained as follows: |

(1) Assume the creep strain increments, dscij

(2) Compute the effective creep strain rate :

.C
_1 JTacac
€ =2t V3 dejjdey; |
(3) Obtain the effective stress from the uniaxial creep curve, -
using the strain-hardening hypothesis

g = h(éc, ec, T,R)

where e€ is the total accumulated effective creep strain,
including de® = %At incurred during the current time increment

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

=1 : P ¢ c

e1 T E [“11 - vlog, + °33)] Yot ey todeyy
T+vy P c C
€12 T TF %12 eyt todeyp

where ' etc.

eP. = accumulated plastic strains at end of
last load step |

S = accumulated creep strains at end of
last At time increment
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de?j = increments of creep strain during current
f At time increment

(5) Obtain new estimates of the creep strain increments from the
Prandt1-Reuss flow rule:
.C
¢ _ 3 EeAt
d > S

E.iJ - o,e -ij‘

(6) Repeat until convergence.

3.4 Description of Individual Subroutincs

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 1is 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
deformation. (Stress induced cfeep 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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fuel > uc]ad b

Y r (87)

where § is the initial (as-fabricated) gap between the fuel and the
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 1oading history of the rod. The l1oading 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
o; COUPLE. These plastic strains (and total effective plastic strain

)

“e ) are stored in the main.calling program, and are passed tn FCMI

through the calling sequence.

If the fuel and cTadding displacements are such that Equation (87)
is not satisfied, the gap has not closed durihg the current loadstep,
and the solution obtained by CLADF is the appropriate solution. The

| current value of the gap 15‘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 Toadstep, then $ubroutine CLOSE is called. This routine
Tinearly interpolates between the current load values and the last load
values to determine exactly when the gap closed. For that portion of
the 1oadsﬁep 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

uﬁlad - u:ue] _ s - (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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It must be noted that only the additional strain which occurs in
the fuel after lock-up has occurred is transferred to the cladding.

Thus, if e;]gd is the axial strain in the clad just prior to contact and
€§u§1 is the corresponding axial strain in the fuel,- then the no-slip

condition in the axial direction becomes

' ccled - clad _ fuel _ fuel

z €z,0 €z €z,0 ° (89)
The valucs of the prestrains s:ug] and E;]gd are set equal to the values
9 ?

of the strains which existed in the fuel and the clad at the last load
incrcment dur{ng'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.
, Afﬁer uilad g]ad
to subroutine COUPLE, which considers a thin cylindrical shell with

and ¢ have been computed in FCMI, they are passed
prescribed axial strain, external pressure, and prescribed radial dis-
p]acement'bf’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, a]ong‘with new;plastic strains
and stresses.

After 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 cthiderraxial‘compatibi1ity.. This is necessary because in
the course of‘norha1.power histories it is poséib]e for gaps to exist
between the fuel pellets. The gaps can, in the case of collapsihle
cladding, 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 Fiqure 9b. In both of these figures,
nodes J* and J-1 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.
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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 eﬁc]osed 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 deformation of the é]adding 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-1 and J*
actually stretches the cladding axially, as depicted in FRgure‘Qb. 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
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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-1
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 V(i) denote the axial gap between
node i and node i + 1 at the end of the loadstep k. (It is assumed
that there 1s never any gap between the lowest peilet_and ;he:bottom
of the fuel rod.) Then, at the start of loadstep k + 1, it is assumed
that all the fuel pellets consolidate at the bottom of the stéck; 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*-1

(3*-1) = I £(4)
i=j-1

+
gk 1

15y =0 for i = j-1 to J*-2.

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

ka1 9 K1 K |
Alfuei =73 € - € dz(i)

i=] z,fuel z,fuel (90)

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

LK) (k)

(k+1)  _k+1
clad clad * A2fue1 £

(9*-1) ' (91)
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where

é#gd = length of trapped Cladding at the end of the
last loadstep -
artktl) = change in length of column of fuel pellet
fuel = change in length of column of fuel pellets
during current loadstep
gk+](j*-1) = ax1a1 gap between co]umn of fuel pellets and

upper end 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 aXia] fuel-
cladding interaction. This free length can be obtained from the strains
computed by subroutine CLADF, using
*_] ‘ .
21(’re]) B f -j [] ¥ EifElADF] dz(1). (92)

i

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 Tength 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.

Casé A:

| (k+1) _ (k+1)
1f Ytree ” *clad °
.pellet stack and the cladding and the stresses and strains are set

then a gap ‘has opened between the fuel

equal to those computed in CLADF. The new axial gap (at the top of
the fuel pellet stack) can be computed from

k+1( k( ($+ (k+1)

- : 1)
7 (9%-1) = £7(3-T) + Mgy - Al (93)
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in which A2£$;;) is the change in length of the trapped cladding

during the current loadstep, and is obtained from

(k+1)

(k+1)
AILc]ad

free

- _ (k)
where z(k) is the length of the trapped cladding at the end of the
last loadstep. I'he 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:

(k+1) (k+1)
: If 2c]ad > Lepee
- no axial gap will exist. The change in length of the trapped

, then axial interaction has taken place and

cladding is determined by the preexisting axial gap and the‘change
in the fuel pellet stack length via

Az(k+]) = Al(k+])

K
clad’ = Bhyer’ - &

J*-1) (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 i35 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 CLADF. This subroutine considers a thin

cylindrical shell loaded by both internal and-external pressures. Axi-
symmetric 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

riPi _ roPo
% Tt (96)
riPi _ rgPo\ i
OZ = '—rz-—rz——. (97)
0 i

For membrane shell theory[]e], the strains are related to the midplane
displacements by 4
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€. = w (98)

- u -

, e T (99)
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, o, and axial stress, a,, are
.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

[oe - vgz:l + ez + dz;:z + /‘aedT (]OQ)

T

0
: T
1 P, P, '
. . To
T

P P '
Foo= - 2 »[”H + ”Z] S dF’r' . /‘ﬂr.dT A (102)

To

™
1
m|—

.,
™|

where

-
(]

strain-free reference temperature

coefficients of thermal expansion

Q
Y

Q

Q
1}

—
n

current average clad temperature.

The terms eep, Ezp’ and,erP are the p]astid strains at the end of
the last load increment, and deep, deE, and des are the additional

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:

: 1/2
-1 -6)? 2 ? 103)
oo g5 [0 7o H o) (o)’ (
' S
dez = %—-6— dsp ‘
% .
S .
d€P - §-—£—dep . ' (104)
Z 20
e
de$ = - dez - des
S . =0 --l (o, + o )"
0 6 3 ‘e z ,
B l .o -
579,73 (Oe ¥ °z) (105)
_ 1 : .
SY‘ = -'3— (Oe + OZ).

The solution in CLADF proceeds as follows. At the end of the last
Toad increment the plastic strain components ei, eg, and ez, are known,

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

The loading ‘is now incremented with new values of P., P> and T pre-
scribed. The new stresses can be determined immediately from Equations
(96) and (97), and a new value of effective stress is obtained from
Equation (103).

The increment of effective plastic strain, dep, which results from
the current increment of loading can now be determined from the uni-
axial stress-strain curve at the new value of Og» S shown in Figure 11.
(The new elastic loading curve depends on the value of ep.) This computa-
tion is performed by subroutine STRAIN. '

Once dsp 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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Fig. 11 Calculation of effective stress g from ch.

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

- = _t '
q(ri) =Fcy, -7 e, (106)

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

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
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(eep)new ) (Eep)old ¥ dee
(Ez)ngw - (Ez)o1d ¥ dEzp
(erp)new ) (Erp)dld * dErP
(ep)new ) (Ep)old + 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 stresses depend on 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
pfessure) must be determined as part of the solution.

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

= t
u(ri) =Uu-5e,

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

u=r €q and hence:

u(r.) = F e -%e : (107)
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Thus, prescribing the displacement. of .the inside surface of the shell is
equivalent to a constraining relation between ¢

8 and €pe As before,
Hooke's law is taken in the form

aedT (108)

o_dT (109)

) 0
T
Y P P ,
Cr‘ = - .E »(0’9’ + OZ) + El’? + der + /ardT. (1]0)

Using .Equations (107) and (110) in Equation (108) yields a relation
between the stresses ¢

0?92 and the prescribed displacement u(

T
(e +de /adT)

T | ;
T .
I ¢ (111)
= 4 vy i .

-(E +de [udT) -E[(]*-ZF)OG

T :

r‘i\):
u(r,)

=1 |t

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

Ay Aol 19 B,
Ao Aol Lo, L8]
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where

t
Ay = 1+35=
1 23
1t
A = v (5 = -1)
12 27
Ayy = v
App- = 1
(r.) ' J
uir.
' Bt | P P
B, = E ——+ =% & +de 4+ o dT
1 7 2 = r r jr r
TO
I
- E £ +'dep+ a dT
0 5]
TO
.
BZ‘EeZ-E € +dsz+/adT
T0

Then the stresses can-be written explicitly as

T Bihe Bl (12)
8 Ay Ayp L Ayp Ay :
I e VI v (13)
z Ry Ay Ay Ay

These equations relate the stresses to u(ri) and €, which are prescribed

and tovdeg, dez, and dei; which are to be determined. The remaining

equations which must be satisfied are
1/2
+ (s - e0)% + (ep - s’)z] . (ma)

The modified Prandtl-Reuss flow equations are
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dt=:e = d_e_ eé
et
. P
deFZ)V=dLE; (115)
‘et
de; = -def - de’
in which,a; andEE‘r are the modified deviator strains defined by Equation

(76). The equivalent modified total strain.set is related to the plastic
strain increment def 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 dez, dez,_and det are assumed

V(2) From Hooke's law, using the assumed plastic strain in-
cremenls and Lhe preécribed values of u(ri) and Eyo
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 €at from Equation (114)

~

(4) Obtain dep from ¢_, and the uniaxial stress-strain curve

et
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(5) Compute new values of the plastic strain increments using
the modified Prandtl1-Reuss equations

(6) The old and new values of dez, dez, and dei are compared

and the process continued until convergence is obtained

(7) Once convergence has been obtained, the interface pressure
is computed from Equation (65):

to r P .
.- %+ 00 -
e R 16)

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 often 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
Tocking 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 juét
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-
cTadding 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 (65) as:

_ i Pint - "o Po » (117)

% t
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From Equation (43) we can write:

fuel
r -6+ t/2 € .
c, = : . (118).

0 r

u

Substituting £q and ¢ as given by Cquations (108) and (110) into Equation
(118) gives an explicit equation tor o, as: '

vroo, = (r+ v t/2) 06: +r E [faedT'+ eg]
-‘uE : adT+eP - E u(r.)
p r ri - i

in which Ty is known from Equation (117). With a, and‘,oe known, the

strains may be computed from Hooke's law, Equations (108) through (110).

(119)

nNo| e

This set of equations is included in subroutine COUPLE and is automatically
invoked when a value of Pint less than the local gas pressure is computed.

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

strain Ep equal to their new values by adding in the computed increments
de” and deP.

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 c]adding, 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 1in the-ca]]ing sequence. For each axial node
in the trapped cladding, the axial strain is given by

T(i)
EZ('i) = E—(% [OZ - v (i) 06(1')] + ez(i) + dsZ(i) + / asz
' (120)
To
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Fig. 12 Schematic of trapped stack.

in which i denotes the axial node number. Axial .force equilibrium
requires that g, be the same in each node. Since the total length
change is prescribed, one can write

in which dz(i) are the axial cladding node lengths, and eg(i) areAtHe
axial strains in the cladding at the end of the last loadstep. Inserting
Equation (120) in.the above equation yields - e e e
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(121)

For each node, the plasticity equations are

1’ 5 .. . ‘2
| [eé‘l) - e;(T)]; +

,, 12 1/2
+ Eelé(',i.)z - e;(‘i,):]i; ‘

. e . P,.. — | : N
ex(i) = e-(i) + de.(i = op, 6, Z 23)
el(1) eJ(1) del(1) j=r, 8, z (123)

win,

set(i)

(122)

and the modified Prandti-Reuss equatiohs:

P,..
‘ P, .\ de (i) .

aeP(i) = 4l o4
‘ zZ Eet -1 Z

P, .

P d i o
deg (1) E:t,} e (i) - (128)

\ dsi(i) -deg(i) - deZ(i).

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

P N -t AR AN P -, » - 4 - - Rl - -
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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 extérna] pressures alone. In this case, the hoop stress in
- Equation (122) is no longer given by Equation (65), but now depends on v,

and the radial displacement of the fuel. While contact occurs, however,
radial compatibility as expressed in Equation (76) requires that

fuel

Fee(i) - 0.5 t e (1) =u (f) -s.

Substituting for eé(i) and sr(i) from Hooke's law, Equations (96) and
(98), there results a single equation relating oe(i) at each node to the
axial stress o,, which can be solved for oe(i) explicitly to obtain

. ~ fuel
[Ezi) + O'SE§;% t] o (i) =u (i) -3¢

6 r
T(i)

-r ‘%_)’-v ]) o +ep(1)+dep(1)+ / o dT]

[ E(1 2z ] <] (125)

T0
T(i)

+x [%%} o, + er(1) + deh (i) + [ ardT]
TO

- which applies at each node where contact has occurred. Finally, Equation
(125) is used to eliminate oe(i) from Equation (124) for those nodes at:

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

z
summations over all nodes not in contact plus summations over all nodes,
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denoted j*, where contact has occurred. This equation, $olved explicitly
for 9,5 is shown below:

i-j* E(1) r+0.5t v(i)

,:g: g%%;l._. }E: dz(i) v(i) '[(F;O;St) v(i)]

T,
(ir; - PytiIr, e

oy [P P G ) .
I O ] )

i#j* | |
| . v{i)dz(i) fuel s P Prsy
+ Z T+0.5t v & ur‘h) -8 [Eeh) * dee(1)

j=j* - .

(i) T(i)

+
Q
<
Qo
-
+
o
(3,
o
—
m
=~ U
.
~
+
Q.
™
S ©
~
and o v
+
Q
-~
Q.
—
——d

This modified equation for g, allows for an arbitrary number of contacting
nodes, and is solved for g, 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 o, assuming no pellets
are in contact, then compute the gaps, and if any negative gaps are
found, recomputg o, with those nodes now assumed to be in contact. This
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 progreéses.

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?ﬂj. This
curve represents the results of 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[4] 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, after which plastic
(irrecoverable) deformation occurs. Unloading from a state of stress
beyond the initial yield stress, c;, 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. Poinf A is the subsequent yield
stress. If o = f(e) 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:
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Fig. 13 Idealized o-¢ behavior.

which may be written as

The solution to this nonlinear equation may be computed very efficiently

by Newton's Iteration Scheme:

(m)
G(m+1) - f(oEm + €P) m=0,1, 2, . . . . (127)
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(o)

It can be proven that, for any monotonically

The %nitia] iterate o is arbitrary, and without loss of generality,
is taken as 5000 psi.
increasing stress-plastic strain relation, the iteration scheme in
Equation (127) converges uniformly and absolutely.

converges so rapidly that it is sufficient to perform the iteration no

Furthermore, it

more 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. ‘

(1) Subroutine STRAIN. Values of plastic strain, sP, temperature

and. stress are passed to STRAIN through the calling sequence.

(a) For given temperature, obtain o = f(e) from MATPRO
(b) Obtain yield stress oy for given P from Equétion (127)

(c) . For given value of stress, o,

’ (i) if o < oy € = %— + ep
P _ P

®new ~ old
dep = 0

(ii) if o > o, e = f(o)

y
eaew = ¢ - o/E
dep = ep - eP
new old

Return.



(2) Subroutine STRESS. Values of plastic strains e , temper-

ature and plastic strain increment dep are passed to STRESS through the
talling sequence.

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

(h) Obtain yield stféss.dy for given e¥ from Equation (127)

(c) Given de” (see Figure 14)

P P 4
Chew - Soid T d¢

P

Since de’ > 0, the hew valie of stress and strairw
must 1ie on the plastic portion of the stress-strain
curvé o = f(¢). So o, & aré obtainéd by simulta-
neously solving, as béforeé,

(d) Return.

3.4.6 Subroutines CLOSE and GAPT. These two subroutines are
called by FCMI when one of the node gaps has closed between two suc-

cessive loadstep changes. It is assumed that all the applied loads vary
linearly between the two loadsteps, so that

r~ -~

P.(3) ='Pc(i-1) +a P (F) - P (i-1)

- -

Pg(2) = P (i-1) + A Pg(i) - P (i-1)

(128)
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Eig.'14 Computations in subroutine STRESS.

where the index i-1 denotes the last loadstep values, i denotes the
current lToadstep values and A varies between zero and unity. Given the .
old and new loadstep values, subroutine GAPT computes the size of the
radial gap for any given value of A by calling subroutine CLADF, and
passing to it the linearly interpolated values computed from Equation (127).

Subroutine CLOSE iterates on A to find the exact value of ) at
which the radial gap closes. The method used is the Modified Newton-
Raphson iteration scheme which solves for the roots of the equation:

Radial gap = f(A) = 0
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by use :0f the recurrence relation:

(1) o m) ™y

(129)

q [xm), Jm-1)|

] m%)g {{.aiT;_’l (130)

in which f(x) is the gap thickness as a function of the interpolating
parameter 1 a5 given by subroutine GAPT. The iteration procedure is
performed until

[F(2)] < CUT ( (131)
where ClIT, is the tolerance value which is currently set (internally) to

the value 1.0 x 1078
cannot converge to'a gap value less than CUT, an error message is printed

inches. If, for any reason, the iteration scheime
out, and the last computed value of A is returned. However, experience

has shown that convergence has always occurred for values of CUT greater
than 10710,

4. FUEL MECHANICAL RESPONSE

_ Deformation of the fuel is'calcu1ated as a function of thermal
expansion, irradiation swe]]ihg, and denéification. The deformation
model is described here with “irradiation swelling calculations described
in Section IV.

4.1 Assumptions

(1) No pellet deformation from stresses induced by fuel-
cladding contact or thermal stresses*
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(2) No pellet creep under induced stresses*
~(3) Free ring thermal expansion.

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 .
_ AL L AL 4
Ry = Z ar (1+aTiT1. +ehs 4+ 2L (132)
i-1
where
RH = hot pellet radius
ar = coefficient of thermal expansion of ith radial ring
1 for temperature Ti '
- - -th . .
Ti = average temperature of i~ radial ring
_ e .th . .
Ar, = width of i~ radial ring
N = number oftradia] rings
- éLs. = swelling strain
L 71
AL = densification strain.

i

4.3 Axial Expansion

Axial expansion of the fuel stack is calculated by summing the
maximum ring axial expansions of each pellet. Maximum ring axial ex-
pansion of each pellet is calculated as the difference between the length
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of the ring with the maximum overall hot length and the cold length of
the pellet.

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

M . - . P
= A_Lf- AL Am . 33
Le= D, (= ap Ty + Eosyty * £hysy) a2 (133)
j=1 : R

where
i is the ring with the maximum axia’ expansion

and

LT = hot 1ength of fuel stack
M = number of axial nodes
_ . th . .
8 = length -of i~ radial ring
Azj = node length
T:s ar » N, ALs., and ALd. are defined as above.
i T1 I~ L i

4.4 Fuel Crack Vo]ﬁme'

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

Vc N Veg - VTX

where

v = crack volume
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eg
VIx
with
and
where

ic

ic

volume defined by expanded radial nodes

volume of thermally expahded fuel

B 2 2
Vi = :E: m e = M)t (1 ¥ 304Ty)

th

cold length of i~ .radial ring

th

cold radius of i-" node.
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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 conductivily.

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 wh1ch require substantial material property data such as

c1add|ug creep are covered in greater detail in the material property
documentation of MAIPRU[4].

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: '

6PT(z) = BU(Z) YR(2).100 (pp

PR + PR ) (136)

Av krypton * he]iqm xenon
where
GPT(z) = téta] fission gas produced at z (gm-moles)
BU(z) = burnup at z (fiss/cc)
VF(;) = fuel volume (cc)
Av = Avogadro's Number



PR = Fission gas production rate (atoms/100 fissions) for
krypton, xenon, and helium, respectively, 30, 30,
and 0.3. :

2. FISSION GAS RELEASE

The fission gas release model used in FRAP-S2 considers the release
to be determined by escape of gas from the fuel matrix and release of
trapped gas from grain boundaries or dislocations. Tf,k] represents the
portion of fission gas that escapes without being trapped, then

]pdt

dn] = k
where
dni = the moles of gas released directly in time dt
dt = the time increment
‘ and
) = 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

1 1

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

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

1
n=p {.t - l;%zk— [1 - exp (k]kt)]}- . (137)
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At.constant power, the total fractional release is

Kt

Fen/(pt) =1 - (1 - k) 1ot (138)

where 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

1

R R )
. where

T = tuel temperuture (°R)

d = fuel density

and for K and k] respectively:

A = 0.25, 1

B = 21,410, 12,450
C = 0, 0.333

D = 0, 33.95.

The"preceding formulation [Equation (137)] is extended to variable power
time histories by assuming réactqr operation is described by a series of
constant power steps. The number of moles released, Ans, during the 1th

interval is then

_ 1 - k. : .
_ . i '
ang = n,o-ngly =Py { st — [] - exp(-K, Atj)]} (140)

so



The first two terms, identical with tquation (137) represent the
release during Ati,'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 AN, the fraction of total gas produced

which is released is

m ' m
F = Z an. ) 7 E Pat. ] . (141)

i-1 i-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

the model

where

(1)

(2)

(18]

proposed by Booth , given the assumptions that

The initial concentration of diffusing substance C0 is assumed
to be uniform throughout a sphere of radius a

Transport of material does not occur from the external phase
(gaseous nitrogen) back into the initial carrier medium, the
following diffusion expression holds:

2
p 2o pallr) (142)
ot 2

= radial location

= concentration of diffusing substance

= time

= diffusion coefficient
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and

0 when r = a

[gp]
1}

C 'Co when t = 0.

By applying a_.serics so]htjon"method, the fractional release of the
"diffusing substance (nitrogen) can be approximated’ by the following,
based on the value of B, ‘

If
| B = }2 D' kT)t 4
‘ N, - (143)
where.
Dy = - ..temperature dependent diffusion
2 coefficient for nitrogen
t = time-(éec) from- the start of diffusion

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

- Fy.=1-6 R (144)
2
‘and when B < 1
Foo= 6 [b (f)t/n] 0-5 3p (m)t. (145)
N N N )
2 2 2 .
.[19, 20]

From the experimental data of Ferrari:

-]2) eG

DN (t) = (Jx]O (146)

2

where
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G = 20202 (1/1673 - 1/T) (147)

and

T is in kelvins.

4. FUEL SWELLING

Early work at the Westinghouse Bettis Atomic Laboratories on UO2 fuel
‘swe]]ing[211 is probably still the most authoritative. Westinghouse
reported that, for temperatures between about 730 and 1400°C, the
total volumetric swelling rate is 0.7%/1020fissiohs/cc with 0..]6%/1020
fissions/cc outward swelling and the rest accommodated by void until
most of the porosity is filled. The fuel was restrained during irradiation.
Recently various General Electric:Company workers have reported[]6’22]
volumetric swelling rates ranging from 0.2 to 0.3%/1020 fissions/cc for
fuel at 1800°C and values of between 0.12 and 0.2%/1020 fissions/cc for
restrained fuel at temperatures of 1400 and 2200°C. Anselin and Ba1]y[23]
have calculated that the solid fission product contr1but1on in UO2 of
_theoretical density amounts to a maximum volumetric swelling rate of
between 0.13 and 0.54%/1020 fissions/cc depending.on the extent of irra-
diation induced lattice vacancy utilization. In short, fuel swelling
has been documented to be dependent on temperature, burnup, and fue]
density. In light of the.Bettis data, a total swelling rate of 0.24%/10

fissions/cc is the driving force in the peripheral region of the fuel

20

below about 800°C. A significant portion of this swelling is accommodated
by internal voids (an amount increasing with lower fuel densities) so

that the net outward dimensional change can be related to the fuel

density as follows:

AV/V = 0.24 - e
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where

) AV/V = 0.24 - &P
(148)
AV/V = % Volume increase/1020 fissions/cc
and
A = 31.916 - 0.3903 DEN
where
DEN =  fuel density (% TD, 8/-99%).

Abovn 800°C, the total volumetric swalling rafn is assumed to be
about 0.82%/10%°
until the initial porosity has been saturated with fission products. .

fissions/cc. No real volume changes pccur,.however,

Given the facf that in FRAP-S2, a pellet is divided inte ten equal
area rings, an 1ncrementa1 amount of swelling is calculated at each .
time step (power 1eve1) for each fue] ring. If the temperature of a
given fuel ring changes from the 1ow temperature domain to the h1gher
domain, the fuel structure (as 1nd1cated by exam1nat1ons of burned )
c]emcntg), will rap1d1y change so that the h1gher temperature swe111ng
character1st1cs are now applicable.

5. CLADDING CORROSION

The following" equat1ons for out-of- p11e zircaloy corros1on have ,

been published by A. van der L1nde[24]

s L 3 .0.33 \
Pretransition oxidation: W = 27.1 x 10 t exp(-5220/TC)
Posttransition: W = 23. X 108 t exp(-14,400/Tc)
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123 exp(-79O/TC)

Weight gain at transition: Wi =

where
W = 7r0, weight gain (mg/dmz)
T. = oxide - cladding surface interface temperature (K)
t - time (days).

These expressions are similar to equalions published by Westinghouse NES
and Bettis.

 The curVes of Figure 15 represent the calculated erO2 weight gain
of BWR type fuel rods at various cladding temperatures as a function of
time at temperature. The data points are from tests conducted by General

Electric Company in the Vallecitos and Big Rock Point Bsz[25'27].

Correct interpretation and correlation of these and other published
results is impeded by the wide scatter in the data obtained from different
test specimens: irradiated under similar conditions and also the disagreement
in published oxidation and hydridation rates obtained by different exper-
imentors. '

In addition a general lack of understanding of the effect of
irradiation on the oxidation and hydridation mechanism makes modeling
difficult. For the present, the following tentative assumptions are
applied:

(1) Out-of-pile corrosion temperature dependence is valid for
in-pile conditions, and

(2) The in-pile time dependence during pretransition and post-

transition corrosion modes is accounted for by acceleration
factors.
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Fig. i5 Zr'O2 weight gain versus time for various temperatures.

A strong irradiation enhancement effect is indicated by the fact that
for the calculated values in Figure 15, the initial constants in Equa-
tions (114) and (115) were increased by respective factors of 20.77 and

3.88... .

For a number of years, General Electric Company has been reporting
BWR corrosion data which are a factor of 10 to 15 higher than that which
would be predicted by any of the out-of-pile correlations.

For PWR environments, Westinghouse Electric Corporation has claimed
no irradiation acceleration of zircaloy corrosion. Recently published

[28,29] show an “irradiation

Saxton Plutonium Program corrosion data
acceleration of about a factor of 3. The Saxton data represents the

fifst measurements on- high power rods which experienced nucleate boiling
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throughout high burnup irradiation. The data suggest radiolytic decomposi-
tion of the water and attack by transient oxygen, hydrogen, and'hydroxide
radicals in the steam. Apparently irradiation can accelerate corrosion

in a PWR much as it does in a BWR. Figure 16 represents predicted

versus measured PWR zircaloy-4 corrosion with a posttransition irradiation
acceleration factor of 3 applied to the out-of-pile equation. Although |
there is considerable scatter, .the predictions are good. It is inter-
esting that the Saxton data did not indicate any increase in the hydrogen
uptake over what would normally be expected from the out-of-pile
correlations.

6. CRUD BUILDUP

Crud thickness is assumed to be one mil unless a value is specified
in the fnput. .Flags in the input also determine whether the crud thickness
remains constant or varies. If a variable crud thickness is specified,
a crud buildup rate of 2.283 x 104 mils/hr is assumed. Crud thermal
conductivity of 6000 Btu-mi]S/hr«ft2-°F is used. This model was obtained
as part of the FUELLZ] code. | |
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Fig. 16 Measured versus predicted Zr‘O2 thickness.
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V. NUMERICAL SOLUTION PROCEDURE

This section describes the program numerical sequence and the
convergence checks made at various points in FRAP-S2. A flow diagram of
the code is given in Table II.

Figure 17 presents a summary of the major interactions dealt with
by the FRAP-S code (an arrow from A to B means A affects B). Due to the
large number of interactfon 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 sbecified 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- Boe]ter[s] formula for subcooled heat transfer
or the Jens- Lottes[G] correlation if nucleate boiling is present; a crud
temperature rise which is a function of the crud density and thickness,
(notvconsidered 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 mixture and the contact pressure between the fuel and
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TABLE II

FRAP-S FLOW DIAGRAM '

‘Subrouting
Name

MAIN Program
Functions

j

" ﬂ“cnd I-np:ut

called .once every

START

- Problem

Power Lol

Axial
1Node

Main Controls  {
Flow of Program

INITIAL

Calc. Initial- Fuel Porosity
-Calc. Initial Pellet Radii

Calc. Height of Each Fuel Ring
Calc. Pellet Open Porosity
Calc. Roughness Volume
Calc. Initial Gas Moles

Calc

Calc. Flux Depression Factor

O

Calc. Rod Average
‘Heat Flux & Burnup

Area Integratioh of
Input Axial Shape

1
1
1
I
Calc. Chopped Cosine
Axial Shape '

|

1

RETURN

-100

Concentration of HpO & Ny

INEL-A-2232



TABLE II (continued)

\

Iter 1
J -2
Calc. of Power Step Burnup

Y

{Calc. of Increment Heat Fqu}-—@

®

Calc. Flux Depress. Factor

CALL TEMP
(Beginning of Step)
CALL TEMP
(End of Step)

RETURN

O
I TEMP |

Calc. Film Temperature Drop
Calc. ZrO2 Thickness and Temperature Drop
Calc. Clad Temperature Drop

= Calc. Pellet Temperature Distribution

CALL FRACAS
—~GAP™

No

Calc. Estimated Gap
Calc. GAP Temp. Drop

-
CALL STRESS

RETURN

INEL-A-2233
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TABLE II (continqed)

®

IVOLUMEI

Calc. Hot Pellet Height

Calc. Maximum Increment Length
Calc. Crack Volume

Calc. DIsh Vollime

.Calc. Hot Clad and GAP Volume
Calc. Open Porosity Volume

RETURN

FSGASRE

Calc. Helium Fraction Heiease (Buulh)

Calc. Nitrogen Fraction Release (Booth)

Calc. Fission Gas Fraction Release (Rooth)

Calc. Fissiun Gas Fraction Release (MacDonald)

Calc. Felium. Nitroygen & Figsion Garn Pallet
Avcrage-Fractinn Release

Calc Fission Gas, Helium, and Nitrogen
Released Moles

RETLIRN

ALL

No ~" Axial Nodes

) Analyzed?

‘Yes

GAS REL

Calc. Cumulative Fission Gas. Helium and
Nitrogen Release in Gram-Moles

Calc. H20 Release in Gram-Moles as Function -

" of Burnup - '

Calc. Total Moles of Gas in Gap Gases

Calc. Cumulative Fraction Release

Calc. Clad. Fuel. Dish, Gap. Crack and
Porosity-Volumes

Calc. Hot Plenum Length

Calc. Hot Plenum Volime

Calc. Natural Canvection Heat Transfer

) Coefficient at Top of Pellet

Calc. Plenum Heat

Calc. Rod Internal Pressure

RETURN

+ -INEL-A-2234
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TABLE II (continued)

m Yes

Gas Moles >

Converge?

No

ITER * ITER + 1
J 2

11 -

Last
Power Step

No Last
———————
@ Problem?

INEL-A-2235

103



( Cladding ' Cladding
Strength Strain Burnup

Cladding
Corrosion-’
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Heat Transfer y » Temperature
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Fig. 17 FRAP-S computational interactions.

cladding. The radial temperature distrfbution through' the pellet is

calculated for the 10 rings by the sk dT method described by Robertson
ot 10301, ’ '

Burnup dependent pellet radial power distributions, fit to the
output of the lattice depletion code LASER[]]]
the fuel temperature distribution.

are used in calculating

After the temperatures in each fuel subvolume are calculated, the
fission gas fractional release is calculated using the diffusion-trapping
model of Weisman and MacDona]d[]7]. 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
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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 summing 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 composifion’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[3]]. Zircaloy cladding creep is calculated as described in
Section 3. The fuel swelling model is based on the early work at the
Bettis Atomic'Power Laboratories[2]]. The gap and crackigés conduc-
tivities are based on the work of Brokaw[32] and Gandhi and Saxena[33].
And, the zircaloy corrosion model is based on the out-of-pile work of

van der Linde[24]
data[25’26’34]7

with the constants adjusted to published in-pile

105



-VI. REFERENCES

J. A. Dearien et al, FRAP-T2: A Computer Code for<the_Transjentﬂ
Analysis of Oxide Fuel Rods, TREE-NUREG-1040 (March 1977).v

Personal Communication with W. I. Schindier, ANC, (June 1974);'

C. R. Hann, C. E. Beyer, dand L. J. Parchen, GAPCON-THERMAL-]E A
Computer Program for Calculating Lhe Gap Conductance in Oxide Fuel
Pins, BNWL-1778 (September 1973). -

P. E. MacDonald et al, MATPRO: A Handbook of Materiais Pfoﬁérties
For Use in the Analysis of Light Water Reactor Fuel Rod Behavior.‘
' ANCR-1263, NRC-3 (February 1976).

F. W. Dittus and L. M. K. Boelter,  "Heat Transfer in Automobile

Radiators of the Tupu]af Type," University of California Publications
in Engineering, 2, 13 (1930) pp 443-461. ’

W. H. Jens and P. A. Lottes, Analysis of Heat Transfer, Burnout,

Pressure Drop, and Density Data for High-Pressure Water, ANL-4627
(1951).

P. E. MacDonald et al, MATPRO-Version 09 - A Handbook of Materials
Properties for Use in the Anéll§js_of Light Water Reactor Fuel Rod
Behavior, TREE-NUREG-1005, (December.1976).

A. M. Ross and R. L. Stoute, Heat Transfer Coefficient Between UO,
and Zircaloy-2, AECL-1552 (June 1962).

€. Jacobs and N. Todreas, "Thermal Contact Conductance in Reactor
Fuel Elements," Nuclear Science and Engineering, 50, 3 (March 1973)
pp 283-290.

106




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

H. Fenech and W. M. Rohsenow, "A Prediction of Thermal Conductance
of Metallic Surfaces in Contact," Transactions of the ASME, Series C,
Journal of Heat Transfer, 85, 1 (February 1963) pp 15-24 (ASME paper
62-HT-32). ~

C. G. Poncelet, LASER - A Depletion Program for Lattice Calculations
Based. on MUFT and-THERMOS, WCAP-6073 (April 1966).

W. H. McAdams, Heat Transmission, 3rd ed., New York: McGraw-Hill

Book Company, Inc., 1954.

A. Mendelson, Plasticity: Theory and Applications, New York: The

MacMillan Company, 1968.

E. F. Ibrahim, An Equation for Creep of Cold-Worked Ziréa]oy Pressure

" Tube Material, AECL-2928 (1965).

C. E. Pugh et al, Currently Recommended Constitutive‘Equations for
Inelastic Design Analysis of FFTF Components, ORNL-TM-3602

(September 1973).

R. E. Skardahl et al, U.S. Experience on Irradiation Performance

of U0,-Pu0, Fast Reactor Fuel, CONF 671005 (1970).

J. Weisman et al, "Fission Gas Release from UO2 Fuel Rods with Time
Varying Power Histories," ANS Transactions, 12, 2 (November 1969).

A. H. Booth, A Method of Calculating Fission Gas Diffusion from UO,

[

.- Fuel and Its Application to the X-2 Loop Test, AECL-496 (CRDC-721),

(1957).

H. M. Ferrari, "Nitrogen Release from UO2 Pellets at Elevated

Témpératures," Nuclear Science and Engineering, 17, 4 (December~]963).

107



20.

21.

22.

23.

24,

25.

26.

27

28.

29.

H. M. Ferrari, "Diffusion of Nitrogen in Uranium Dioxide," Journal

of Nuclear Materials, 12, 2 (1964).

R. C. Daniel et al, Effects of High Burnup on Zircaloy Clad Bulk

992 Plate Fuel Element Samples, WAPD-263, (September 1963).

C. M. Cox, "The Irradiation Perfurimance of Uranifum-Plulunium Oxide
Fuel Pins," Nuclear Safety, 10, 5 (October 196Y9) pp 380-391.

F. Anselin and W. F. Baily, "The Role of Fission Products in the

Swelling of Irradiated UO2 and (U, Pu)02 Fuels," Transactions of

the American Nuclear Society, 10, 1 (1967) pp 103-104.

A. van der Linde, Calculation of the Safe Lifetime Expectancy of

'4Zirconjum Alloy Canning in the Fuel Elements ol the NERO Reactor,
" RCN-41 (1965).

R C. Ne]son. The Corrosion of Zircaloy-2 Fuel Element Cladding in

“a Bo111ng Water Reactor Environment, GEAP-4089 (1969).

o,

H. E. Williamson et al, AEC Fuel Cycle Program Examination of
2 Fuel Rods Operated in the VBNR to 10,000 MWd/tU, GEAP-4597
(1965). '

L. S. Tong and J. Weisman, Thermal Analysis of Pressurized Water

Reactors, TID-25635 (1970).

W. R. Smalley, Saxton Plutonium Program Semi-Annual Progress
Report for the Period Ending June 30, 1969, WCAP 3385-20

(October 1969).

W. R. Smalley, Saxton Plutonium Program Semi-Annual Progress
Report for the Period Ending December 31, 1969, WCAP 3385-22
(March 1970).

108



30.

31.

32.

33.

34.

J. A. L. Robertson, skdt in Fuel Irradiations, CRFD-832

~ (April 1959).

M. P. Bohn, FRACAS -- A Subcode for the Ané]ysis of Fuel Pellet-
Cladding Mechanical Interaction, TREE-NUREG-1028 (April 1977).

R. S. Brokaw, Alignment Charts for Transport Properties, Viscosity,
Thermal Conductivity and Diffusion Coefficients for Nonpolar Gases

and Gas Mixtures at-Low Density, NASA TR R-81, (1961).

J. M. Gandhi and S. C. Saxena, "Correlated Thermal Conductivity
Data of Rare Gases and Their Binary Mixtures at Ordinary Pressures,"
Journal of Chemical and Engineering Data, 13, 3 (]968).

H. H. Klepfer and A. S. Melner, Specific Zirconium Alloy Design
Program - Final Summary Report, GEAP-10044 (1969).

109



~ THIS PAGE
WAS INTENTIONALLY
 LEFT BLANK



APPENDIX A

FRAP-S2 INPUT INSTRUCTIONS



 THISPAGE |
WAS INTENTIONALLY
 LEFT BLANK



APPENDIX A

- FRAP-S2 INPUT INSTRUCTIONS

The required input to FRAP-S2 is presehted in this appendix.
Section I describes the use of NAMELIST[a], the free form input used by
FRAP-S2. Section II presents the standard and optional input with a
Tisting of each mremonic 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-S2 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 a special form in order to be read using a
NAMELIST 1ist. 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 $, immediately 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 signaled by $END.

The form of the data items in an input record is:

-symbolic name = constant

The symb01ic name may be an array element name or a variable name.
Subscripts must be integer constants. The constant may be an

[a] IBM.§ystem/360 and System/370 FORTRAN IV Language, IBM System
Reference Librdrx, '
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integer, real, literal, complex, or logical. (If the constants are
1ogica1; 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 g]ements in the array.
Successive occurrences of the same constant can be represenied: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 Tist, but the order is'not»signjﬁicant. A
name that has been made equivaTént to 4 name in the input data cannot be
substituted for that name in the NAMELIST 1ist. The list can contain
names of items in COMMON but must not qqntain 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. Each
standard input card must be supplied unless an optional input card
replaces it.

Variable Description Restrictions and Options

CPL . Cold plenum length (in., m) - none
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Variable

DCI

DCP

DE

DEN

DISHSD

DP

DSPG

DSPGW

ENRCH

FGPAV

GP

Description

Diameter of cladding, inside
(in., m)

Diameter of c1adding, outside
(in., m)

Equivalent hydraulic diameter
(1'n.-, m)

Pellet true density (% theoreti-
cal density)

Dish shoulder width (pellet
radius minus dish radius) (in., m)

Diameter of pellet (in., m)

Diameter of spring, outside
(in., m)

Diameter of spring wire (in., m)

Fuel enrichment - (w/o U-235)
used in flux depression estimate

Initial gas pressure (psia,

.N/mz)

Mass flow rate (1b/hr-ft2,

kg/S-mZ)

115

RestriFtions and Options
none
none
none
none

none

none

none
none

if omifted, input flux
depression (FLXDP)

none

= 0 , cladding surface
%emperature = TW at all
increments. If NSP = 1,
input one value for each
power step.



Variable Description Restrictions and Options
HDISH Height of pellet end dish (in.,
m) none
HPI T Height of pellet (in., m) none
ICM Index for cladding material = 2, zircaloy-2 cladding
(presently the code does not = 4, zircaloy-4 cladding
distinguish between zirca]by-z
and zircaloy-4)
IDXGAS Index for initial f111 gas =1, hclium
= 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
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riched if ENRCH >6 or



Variable

JDLPR

JN

NT

‘Description

is set to zero, FRAP-S2 makes
uée of the pellet temperature
distribution calculation as
described in Section 1.5.2

Index for axial increments to
be output

Number of entrieé in each' set of
QF and X tables

Number Qf axial increments

117

Restrijctions and Options

<2 set

IPLANT = O

= 2, BWR, uranium en-
riched if ENRCH ~3.5 or
<1.5 set

IPLANT = 0

= 3, PWR, plutonium en-
riched UO2

if ENRCH >10 or <2 set
IPLANT = 0

= -1, user input radial
power profile (éee
RAPOW)

= 4, BWR, p]Utonium en-
riched UO2

f. ENRCH >6 or <1.5 set
IPLANT = 0

= 1, and NQPT = 0, peak
power incremént only

# 1, and N@PT = 0, all
increments

omit if IQ = 1. Maximum
of 40. If more than one
shape JST must be input.
Number of values must
equal number of axial
shapes used.

must be odd integer
>3, <17



Variable Description
NUNITS Units to be input (defaulls to
ST units)
P2 Syétem pressure (psia, N/mz)
QF Pointwise axial heat flux
normalization factors
QMPY Heat flux at each power
(Btu/hr-t%) or (KW/ft, W/cm)
TIME "Table of accumulated times.
(end of step times) Correspond-
ing to QMPY entries (sec) or
(hours)
TOTL

Fuel stack height (ft, m)

18

Restrictions and Options

0, SI units are input

1, British units are
input

if NSP = 1, input one

-value for each power

Tevel

number of entries must
equal JN for each axial
shape. 1 « Q <« 41 fur
each shape up to 5
shapes. If more than
one shape, normalize
all shapes to the
average

= kW/ft or W/cm if

", first value is less

than 100.
= Btu/hr-ft% if first
value is greater than
100. Must be greater
than zero however

= seconds if first value
greater than 17.0

= hours if first value

>0.01 hour but, <1,0 hour

© none’



Vériab]e Description

W ‘ Inlet water temperature (°F, K)
VS Total number of spring turns

X : Table of axial stations cor-

responding to QF entries (ft, m)

Restrictions and Options

if G = 0 TW is clad

surface temperature.

If NSP = 1, input one
value for each power

step

none

number of entries must’
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 T@TL

. The folléwing 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
ACOR 1.0 Additional corrosion #0
buildup factor
AFAL 1.0 Additional thermal.

expansion factor

‘19,
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Default
Variable Value Description Restrictions and Options

AFCR 1.0 Additional creep accel- # 0
- eration factor

AFDN 1.0 - Additionai densifica- none
tion factor

AFGR 1.0 Additional fractional % 0
' gas rclecasc multipli-
tation factor

ArTC: . . 1.0 Additional fuel thermal # 0
R N conductivity multipli-
© v s sy .. cation factor |

AFSW . 1.07 . -. 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 wuse 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
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Default

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

AMFH20 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 féctor‘per unit depression factor
burnup between BUCRIT
and end of problem

AMP - 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, AMP not used

depression factor
' changes slope (MWd/MtU,
MWs/kg)
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Default

CRDTR 1.1415525 X 10~

DENG

EXP

FA

0.75

1.0

1.0

4

Initial ;rud thickness
(mil, m) '

Crud buildup rate
(mil/hr, m/s)

Porosity correction to
pellet density (%)

emersion (true) density

to geometric density

Surface roughness-
factor in gap conduc-
tance calculation

Nuclear axial hot
channel factor (peak/
average)
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and QMPY =

Variable Value Description ’Restrictions and'Optiqns
CATEXF 0.05 - Texture factor (frac- 0.0 < CATEXF < 1.0
tion of cladding cells

with basal poles
parallel to the tybe
axis)
COLDWK 0.0 Cold work of the none
cladding
ComMp 0.0 Weight percent of PUP, 0.0 < CPMP < 100.0
in mwixed oxide fuel |
CRDT 1.0

used only if IC@R = 2

none

minimum of 1.0

-= 1.0, if QF table is nor-

malized to the average,
average heat

N

flux. > 1.0, if IQ =1

and QMPY = peak heat
flux.



Variable

Default

Description

Restrictions and Options

FLXDP-

FQE

ICAR

Value

0.9999

0

.0

‘Initial value of flux
depression factor

Heat flux engineering

. factor.

Index for crud model

123

> 1.0, if IQ table is nor-
malized to the peak, and
QMPY = peak heat flux

~used only if ENRCH = 0.0

and IPLANT not specified.
Must be less than 0.9999

FLxop = 2[1(k@)-11

kall,(xa)] -

a = pellet radius (in.)

= reciprocal of thermal
diffusion length (in.'])
Io= zero order modified
Bessel function (first
kind)

I, = first order modified
function (first kind)

multiplication factor on
QMPY values

= 0, corrosion model
constant crud, no crud
temperature drop if |
boiling.

= 1, corrosion model,
constant crud, crud
temperature drop if

‘"boiling.



Default
Variable Value Description Restrictions .and Options

= 2, corrosion model,
varying crud, crud
temperature drop if

boiling
JST  ° IMF1 - Indicates type of IQ must = 0. Must be
| ' s 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 2 FRAP-T Tink index = 1, link is to FRAP-TI
I = 2, link is to FRAP-T2"
MDBG 0 , | Summary power step = 0, no debug output
debug output index = 1, debug output
MPDE 0 ~ Stark ralculation ‘ = 0, stack calculations
selector are mare
= 1, stack calculations
are not made
NDBG 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
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Default

debug output

125

Variable Value Description Restrictions and Options.
NGAPC 0 Gap conductance model = 0, cracked pellet model
’ selector i = 1, annular gap model
NOPT 3 Printout selector = 0, full output
= 3, short (tabular)
output
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
NR@LL -0 Restart tape rewind = 0, rewrites in same
index storage space ,
= 1, writes a string of
restart information for
each power step
NSP 0 Varying system para- = 0, constant system param-
metef‘ ‘ eter (st Tw’ Gﬂ)
= 1, varying system param-
eters
NSTART 0 Timestep for start of 0 < NSTART < IM
' debug output
NSTQP Timestep for end of 0 < NST@P < IM

and NST@P > NSTART



Default

ness height of fuel
(in., m)

. 126

JVariable Value Description Restrictions and (Options
NTAPE 0 FRAP-T restart index = 0, no restart.data .
stored
= 1, restart data stored
for FRAP-T use
PPMH20 0 Fuel water content none
(PPM)
PPMN2 15.0 Fuel nitrogen content. none
(PPM)
QEND 0.3 Norma]ized»heét flux must ‘be one va]ue‘fOr'
at top of fuel stack each axial shape. Used
to determine heat flow
into the plenum
RAPQW 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 107°  Arithmetic mean rough-  none
ness height of cladding
(in., m)
ROUGHF 8.5 «x 1072 Arithmetic mean rough- none



Default
- Variable Value

Description

Restrictions and Options

RO Dep/24
ROF DP/24
SGAPF 30

T (Dep-Del)/2

TSINT 2912

2.3 Plot Input

Cladding outside radius

(ft, m)

Pellet radius (ft, m)

Fission gas atoms per
100 fissions

Clad thickness (in., m)

Fuel sintering tempera-

ture (°F, K)

do not input DCO

do not input DP

" none

do not input DCI

none

The following is the input data for plotting. If no plots are
desired, follow the "$END" card of the preceding input with card 1
below. If plots are desired, the "$END" card is followed with first, a
full set of plot data, and then a set of plot JCL from SECTION III..
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Repeat as necessary for IAPLT(K) (K
Card No. 3 - Time axis

 Name

Card No. 1 -

‘Columns Format Name - Quantity

1-5 1 NPLTND Number of axial nodes at which plots
are desired. If no plots wanted,
input the number 0.

Card No. 2 = Specificatioh 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.

being an axial node number)

Columns  Format 'Quéntity

1. - 10 F TSTART Minimum time on timé 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 LABLT Label to be given time axis.
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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, K).

21 - 30 F AXLTS Length of surface temperature axis
(in.).

31 - 70 A LABLTS Label to be given surface temperatdre
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 Quantity

1-10 F PMIN Minimum gas gap pressure on axis

(psia, N/m2).
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Columns Format Name Quanting 
11 - 20 F PMAX ‘Maximum gds gap pressure on a*ié
; (psia, N/mC).
21 - 30. F AXLP Length of gas gap pressure axis
(in).
31 -70 A LABLP Label to be given gas gap pressure. .-.

~ o 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).
1m=-20 F . UZFMAX

Maximum fuel axial displacement on

axis (ft, m).
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Columns Format Name ' . ~ -Quantity

21 - 30 F ~ AXLUZF Length of fuel axial displacement
axis (in.).
31-70 A LABLUF Label to be given fuel axial dis-

placement axjs.
Card No. 9 - Cladding axial displacement axis

Colums Format Name 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¢c1adding 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 1linear fuel rod power on axis
(kW/ft, W/m).

11 - 20 F PMAX Maximum linear fuel rod power on axis
(kW/ft, W/m).

21 - 30 F PLEN ’ Length of Tinear fuel rbd power axis
(in.). '
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Columns Format Name ~ Quantity
31-70 A PLABL Label to be given fuel rod power
' o axis.
Card No. 11 - Fuel surface temperature axis
Columns Format __Name Quantity
1-10 F TESMIN  Minimum fuel surface temperature 6nﬂ
axis (°F, K).
-2 F ~ TFSMAX Maximum fuel surface temperature on
- A ~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 transter coefftcient
.2
on axis (Btu/hr-°F-ft-, w/mz-K).
11 - 20 F HGMAX ~ Maximum gap heat transfer coefficient
' on axis (Btu/hr-°F—ft2§'w/m2-K).
21 - 30 F - HGLEN v Length of gap heat transfer
‘  coefficient axis (in.).
31 - 70 A

HGLABL . Label to be given gap heat transfer
~ coefficient axis.



Card No..13 - Surface heat transfer coefficient axis

Columns Format * Name Quantity

1-10 F HSMIN ‘Minimum surface heat transfer
coefficient on axis (Btu/hr-“F-ftZ,

: W/m2-K).

11 - 20 F HSMAX Maximum surface heat transfer
coefficient on axis (Btu/hr-°F-ft2,
W/me-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 avérage 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.
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Card No. 15 - Zircaloy-Oxide thickness axis

Columns Format __Name Quantitx;

1-10 F ZOMIN Minimum Zr0, thickness (mil, m).
11-20 F ZOMAX © Maximum Zr0, Lhickness (mil, m),
21 - 30 F ZOLEN Length of Zr‘O2 thickness (in.).

31 -70 A ZOLABL | I abel to be given zircaloy-oxide-

thickness. axis.

Card Nn. 16 - Mole fraction of helium

Columns Format - __ Name Quantity

1-10 F MFMIN | Minimum helium mole fraction on axis.

n-20 F MFMAX Max imu heliun fmole fraction on axis.

2.3 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 Format Name Quantity
1-10 F -+ TPMIN . Minimum plenum temperature on axis
- (°F or K).
1 - 20 F TPMAX Maximum plenum temperature on axis
(°F or K).
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channels surrounding fuel rod)

-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 .
jnitial).
- 11 - 20 F RGMAX Maximum gas increase on axis (% of
initia]).
21 - 30 F RGLEN Length of gas increase axis (in.).
31 - 70 A ‘RGLABL Label tovbe giVen gas increase axis.
Card No. 19 - Mass flux axis (plot of average mass flux in coolant

Columns Format -Name Quantity
1-10 F GMIN Minimum mass flux on axis
’ (]bm/ftz—hr or kg/mz-s).
11 - 20 F GMAX Maximum mass flux on axis
o (1bm/ft2-hr or kg/mz-s).
21 - 30 F GLEN Length of mass flux axis (in.).
31 - 70 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/1bm, Cal/gm).

11 - 20 F SEMAX Maximum stored energy on axis
(Btu/1bm, Cal/gm).

21 - 30 F ¢ SELEN " Length of quality axis (in.).
31°-70- A - .. SELABL Lahel to be given quality axis.

Card No. 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/mP).
11 -20 F . PCMAX - - Maximum pressure on axis (psia or
2
N/m™).
21-30 F .° -PCLEN Fength of pressure axis (in.).
31-70 - A - . PCLABL Label to bé given coolant pressure
' axis.

Card No. 22.- Gap thickness axis

Columns Format Name. Quantity

1-10 F THKMIN Minimum gdap thickness on axis (mil
' © Tiinsoorom).
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Columns  Format Name Quantity

11 - 20 F THKMAX Maximumlgap 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 K).

11 - 20 F TBMAX Maximum bulk temperature on axis

' (°F or‘K).

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-S2 Load Modu]elon the INEL IBM 360/75

Comguter.
Card No.
1 Job Card

2 // CPR=360,CPU=003,WT=001,SR=T1
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-3

4 //
5 //
6

7

8 //

//STEP1 EXEC FTNHCL,C@SET='X1',MEMB='(X2)"',

DISP='(,CATLG)',UNIT=X§3$PACE='(TRK,(40,05,]),RLSE)',
CREG=240K,CPGS=290, XREF=XREF

//C.SYSUT2 DD SPACE=(TRK,(40510)),UNIT=SYSCRA
//C.SYSIN DD DSN='X4',UNIT=TP9ANY,DISP=(pLD,KEEP),

VPL=SER=X5

9 //L.ADD DD DSN =X6,DISP=(pLD,KEER)
10 11/L.SYSIN DD *

11 INCLUDE ADD (X7)

12 ENTRY MAIN

where

X1

X2

X3

X4

X5

X6

X7

is the data set. name assigned to the load module (for example
TEMP.GABFRAPS)

is the member name associated with the load module name -(for
example FRAPS)

is the storage unit on which the load module is to be stored
(for example DKTEMP)

is the tape identification name which contains card images -of
the source deck (for. example ANCFRAPS)

is the tape number corresponding to the tape identification
name (for example T95246)

is the name of the version of MATPRO, the material properties
~ package (for example MATPRPO3)

is the member name associated with the material properties

package -10ad module (for example MATPRO).
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JCL Cards for Executing the Above Created Load Module on the INEL

3.2
1BM 360/75 Computer.
Card No.
1. // Job Card
2 // CPR=360,CPU=Y1,WT=Y2
3 //STEP2 EXEC PGM=5g;REGIﬂN=360K
4 //STEPLIB DD DSN=X1,DISP=SHR :
5- //FTO6F00T1 DD SYSﬂUT=A,DCB=(RECFM-FBA,LRECL=133,BLKSIZE=1596),
6 // SPACE=(7980,(200,16),RLSE)
7 //FTOTFO01 DD DSN=Y3,UNIT=Y4,DISP=(,CATLG),
8 // DCB=(BLKSIZE=574,LRECL=104,RECFM=VBS),SPACE=(TRK,(5,5),RLSE)
NOTE: Include cards 9 thfough 12 only if plots are desired.
9 //FT17F001 DD DSN=Y5,DISP=(,PASS),UNIT=DKSCRA, ,
10 // DCB=(BLKSIZE=560,LRECL=56,RECFM=VBS),SPACE=(TRK, (1000,60))
11 //FT18F001 DD DSN=X§;DISP=(,PASS),UNIT=DKSCRA,
12 // DCB=(BLKSIZE=560,LRECL=56,RECFM=VBS),SPACE=(TRK,(2,1))
13 //FTO5F001 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.LJSREST1)

Y4 is the storage unit on which the restart data is written (for
example DKTEMP)

139



Y5 is a scratch data set name to be specified by the user (for
example &&GAB00017)

Y6 is a scratch data set name to be specified by the user (for
example &&GAB00018).

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 // CPR=265,CPU=001,WT=001

3 //S1 EXEC FTNHCL,GPSET='Z1',MEMB='(Z2)",

4 // @PT=2,DISP="'(;CATLG)' ,UNIT=Z3,CREG=265K,
5 // SPACE='(TRK,(10,70),1),RLSE)',CPGS=100,
6 // XREF=XREF B

7 //C.SYSUT2 DD SPACE=(TRK,(40,10)),UNIT=Z4
8  //C.SYSIN DD *

SOURCE CARDS:
where

Z1 is the name to be assigned to the load modu]e (for examp]e
PLOTFRPS) N ’

Z2 is the member name to be assigned to the comp1]ed 1oad modu]e
(for example PLPTCD) '

- Z3 is the name of the unit on which the 1oad modu]e is to be
stored (for example DKTEMP) R
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3.4

Card

O N OO W N —

Z4 is a scratch space unit (for example SYSCRA).

'JCL Cards for Executing the Above Created Plot Load Module (to

follow the plot input cards)

No.

//PLPTSTEP EXEC=22,REGIPN=200K
//STEPLIB DD DSN=21,DISP=(pLD,KEEP)

//FTO6F001 DD SYSPUT=A,DCB=(RECFM=FRA,LRECL=133,BLKSIZE=1596),
// SPACE=(TRK,(2,5))

//FT17F001 DD DSN=Y5,DISP=(PLD,DELETE),UNIT=DKSCRA

//FT18F001 DD DSN=Y6,DISP=(pLD,DELETE),UNIT=DKSCRA

//PL@T DD SYSPUT=(Y,,0003)

//FTOSF001 DD *

where 71, 72, Y5, and Y6 are as defihed in previous groups of JCL.
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APPENDIX B

-EXAMPLE PROBLEM INPUT AND OUTPUT

This section prescnts the general format used for input to FRAP-S2.
and the output format showing the information a user would expect to

. recejve from a run.

(1)

(2)

Example Problem Input
A set of data for an example problem is presented in Table B-1I
and B-11I. ‘ '

Example Problem Qutput
(a)' Initia]iprob]eh.parameters and history information appear

in the first thrée 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-1
EXAMPLE PROBLEM DATA (PCM-20 .PBF :ROD)

Coolant Conditions:

mass flux, 1.0 x 10° (1bm/hr-ft)
inlet temperature, 642 (°F)
hydraulic diameter, 0.348 (in.)
pressure, 2250 (psia)

Fuel Rod Geometry:
fuel stack length, 3.0 (ft) S
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 density)
pressure, 300.(psia)
enrichment, 35 (%)

Power Hisiory: |

a power ramp -from 5 kW/ft to 10 kW/ft in 10 -hours
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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-S2 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 1ink 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.
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TABLE C-1

FRAP-S LINK TO FRAP-T EXAMPLE PROBLEM SPECIFICATIONS

(PWR UOZ'ENRICHED)

Coolant Conditions:

mass flux

pressure

inlet temperature
hydraulic diameter

Rod Geometry:
fuel stack length
fuel outside diameter
Teladding outside diameter
plenum length
Rod Initial Conditions:
internal pressure
' -enrichment
density - .

Power History:

linear’ ramp from 0.0 kW/ft to 11.08 kW/ft in 50 hours, then

1.917 x 10°
2273 (psia)
540 (°F)
0.534 (1n )

600 (psia)

3 (%)

held for the remainder of 2000 hours
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APPENDIX D

CONFIGURATION CONTROL PROCEDURE

A Contiguration Control Procedure (CLP) has been detined 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,
depénding 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 modificafion

(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 FRAP-S2

A materials properties subcode is used to provide the computational
subcodes of FRAP-S2 with gas, fuel, .and cladding properties. Table E-I
lists those pfoperties from one of the two references which are useq by
FRAP-S2 given below.

1. P. E. MacDonald et a]; MATPRO - A Handbuuk of Materfals 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 MATPRO USED BY FRAP-S2

Property Subcode Reference

Fuel Material Properties

1. Specific Heat Capacity ‘ FCP i
2. Thermal Conductivity ' FTHCON 2
3. Emissivity ' FEMISS 2
4. Thermal Expansion FTHEXP 2
5. Creep Rate ' : ~ FCREEP 2
6. Densification o o FUDENS "2
7. Restructuring " FRESTR 2
Cladding Material Properties | o
1. Axial Growth ) . CAGROW .2
2. Thefma] Cdnductivity and Its Uncertainty CTHCON 2
3. Zr-Oxide Thermal Conductivity ZOTCON 2
4. Axial Thermal Expansion | CATHEX 2
5. Diametral Thermal Expansion CDTHEX 2
6. Elastic Modulus CELMOD 2
7. Strain versus Stress ' CSTRAN 1
8. Stress versus Strain CSTRES 1
9. Poisson'a Ratio CPOIR 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 PHYPRO 2
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FRAP-S2: A COMPUTER CODE FOR
THE STEADY STATE ANALYSIS
OF OXIDE FUEL RODS

REPORT II -- FRAP-S2 -- MODEL VERTFICATION

I. SUMMARY AND CONCLUSIONS

Results for several types of data comparisons as well as typical
désign analyses are reported to evaluate capabilities of FRAP-SZ[]][a].
The model comprises a revised version of a steady state Fuel Rod
Analysis Program under development as a supporting tool for reactor
safety analysis. Primary application is _in supplying initial conditions
for the transient response model, FRAP-T[2 .

Comparisons. between code predicfions-and experimental results were
made for general categories of fuel behavior relating to rod thermal,
pressure, deformation, and surface conditions. Results indicate that
FRAP-S2 is most app]icab]e to analysis of moderate operating conditions
more associated with core average rods as opposed to lead power rods.

It is felt that the verification effort described in this document will
contribute to a broader physical basis for the model and a more extended
range of app]icabi]ity. Specific results are summarized in the following
paragraphs.

1. ANALYTICAL COMPARISON

Standard Design Runs for core average rod pressurized water reactor
(PWR) and boiling water reactor (BWR) conditions provided a basis for
comparisons between FRAP-52 and FRAP—51[3]. Use of lower cladding creep
rates, together with consideration of fuel densification, contributed to

[a] MOD 002 Version 002 MATPRO MOD 007.
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FRAP-S2 obtaining Tower cladding strain and higher fuel temperature, gas
release, rod internal pressure, and -gap size compared with FRAP-ST.
FRAﬁ-SZ predicts the same amounts of cladding corrosion and hydrogen
uptake when compared with’FRAP-S1. Based on physical expectations and
interpretation.of data comparison results, the higher fuel temperature
obtained by FRAP-S2 is felt to be justifiable for pressurized rods and
somewhat conservative for unpressurized rods;

2. DATA COMPARISON

2.1 Thermal

Comparing measured and predicted fuel centra1'temperaturc showed
that FRAP-S2- genera]]y overestimates the effects of power and burnup for
the unpressur1zed rods by between 10 and 30% up to 2000°C. The fact
that fuel temperature was at the same time underpred1cted for 6 out of
8 helium prepressur1zed rods 1nd1cates that calculated 1nf1uence of
effective gas conduct1v1ty on heat transfer remains too strong. A
corollary to this result would indicate some tendency to underestimate
fUé] ckabking Consistent gas compos1t1on trends were identified in
results of gap conductance comparisons. Better representat1on of
contact gap conductance by the model éupports the overall evidence that
gap closure mechanics remains a key modeling limitation. Relative
thermal model égreement versus gap size and fuel density indicates that
fuel cracking may be underpredicted for moderate gaps (1 to 2%) and at
Tow fuel densities (<93%). Extent of incipient fuel melting (<30%
fractional radius) is overestimated by the model due to.built-in coarse
nodalization. Larger melt radii results again show better mode]
capability for ¢losed gap‘conditﬁbns}
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2.2 Pressure

Consistent with FRAP-Sl[3] verification results, fission gas
release data comparisons continue to suggest the need for some mechanistic
treatment of gas disposition effects on release probability. The
“assumption of instantaneous release kinetics causes the gas release

fraction to be overpredicted by a factor of 2 to 20 for moderate burnup
(<15,000 MWd/t) load follow conditions, especially if.fuel temperatures
in the range of highest release sensitivity (1400 to 2400°C) are
calculated. Results indicate that the assumption of purely temperature
_dependent gas release used by the model is better applied at the higher
burnups (>25,000 MWd/t) associated with buildup of interconnected fuel
porosity. The steady state fuel heatup effect on rod internal pressure
is better represented for rods with relatively large plenum volume
fraction (>4%). Prior to occurrence of significant fission gas release,
calculated pressure is within +20% of the data up to 2200 psia.

Pressure overprediction‘for burnup rods with plenums corresponds to a
combination of overpredicting both fuel temperature and instantaneous
fission gas release. Pressure underprediction for burnup rods without
plenums is more governed by the assumption that fuel surface temperature
applies to active length void volumes. |

2.3 Deformation

Fuel stack axial expansion during steady state heatup is better
represented by the model at fuel temperatures below those associated
with the onset of pellet-cladding mechanical interaction (PCMI) (1000
to 1300°C) and initiation of fuel plastic deformation (1500 to 1700°C).
Calculated axial fuel stack expansion is within 50% of the data. Stack
shortening for rods accumulating burnhp is underestimated by 20 to 80%
for cases exhibiting PCMI in addition to fuel densification. For rods
operated without extended PCMI, data comparison agreemént for cladding
collapse is dominated by measurement scatter, Tower calculated creep
rate, and the tendency to overpredict gas release. The generally

173



observed underprediction of cladding permanent axial and circumferential
deformation by 20°to 120% corresponds to underprediction of the extent
of PCMI using an annular gap closure assumption. Once gap closure was

- calculated, cladding deformation_was.overpredicted by a factor of 1.5 to
4. This overprediction is associated with lack of fuel mechanical
deformation, particularly at fuel temperature >1800°C.

2.4  Surface Condition

Comparing measured and predicted cladding surface corrosion and = = -
hydrogen cuncentration shows better agreement at cladding temperatures
above 360°C. Otherwise, corrosion and hydrogen uptake are generally
underpredicted. by 10 to.30%. Review'of currently used factors-adjusting
laboratory correlations for either PWR or BWR irradiation conditions
seems warranted.
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II. INTRODUCTION

FRAP-S2 is the second version of a steady state fuel rod analysis
program. The prbgram has been under development as part of an overall
fuel behavior modeling effurt in Support of reactor safety analysis.
The purpose of this report is to document the extent of current pre-
dictive capability in key modeling areas. Diagnosis of model perfor-
mance over a range -of fuel design and operating conditions is intended
to identify areas of less model applicability and support further

1]

development. Other volumes describing analytical models and material

properties[4] have been prepared by the code developers.

The computer program itself is structured in modular form and is -
coupled to fuel, cladding, and gas material properties supplied by
MATPR0[4]. Submodels account for surface heat transfer and corrosion,
rod power and temperature distribution, sorbed and fission gas release,
gas volume and temperature, fuel swelling and denéification, fuel and
cladding thermal expansion;}and uhiform cladding deformation due to
creep, yield, and elastic strain. Key input to this single rod ana1ysis
code is the fuel design, system operating condition, and axial power
distribution. The models are then driven by the input rod average power
history. Results for the input number of rod axial segments are inte-
grated to obtain fission gas composition, length, and void volume
conditions.. Unless sustained gap closure and high fuel temperature are
coincident, running time and convergence are usually not limiting
considerations. The program description is given in more detail else-

(1]

where

FRAP-S is intended to be a realistic analytical tool for extended
burnup application. The original core of the model was used previously
in industry for steady state fuel rod design analysis. A major purpose
for FRAP-S now, is in supplying the transient fuel rod analysis model
(FRAP-T) with initial conditions reflecting operation prior to hypo-
thetical transients. '
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Importance of the steady state analysis in conjunction with FRAP-T
should not be underemphasized. Feedback among cumulative burnup effects
causes initial conditions for all hut initial startup transients to
differ considerably from beginning-of-life conditions. Main outputs of
the model expected to impact transients are those which characterize
initial rod temperature distribution, gap size, gas cbmposition, rod
internal void volume, gas content, clad strain accumulation, and rod
surface conditions. Results of many fuel irradiations, during which
these .parameters were investigated, indicate that the range of fore-
seeable preaccident conditions is large, varying with both burnup and
operating history. The number of possible output connections from FRAP-S
to FRAP-T is also large due to the variety of models involved. The
relative importance in different accident analyses of adequately
modeling any one of the observed steady state mechanisms cannot be
minimized at this stage. For this reason, different. types of steady
state analyses were performed in order to maximize characterization and
interpretation of results.

Supporting runs were used to debug the code and evaluate the effect
of changes in ‘the model with respect to the previously documented
version,;FRAP-S1[3]; . The ‘main type of supporting run discussed here
falls into the category of Standard Design Analyses. Input rod design
and -operating condition parameters for these runs are meant to benchmark
full-scale application of the program to.power reactor fuel from startup
through end-of-Tlife.

Several types of data comparisons were then performed to evaluate
overall capabilities of the program as a predictive tool. The emphasis
was necessarily placed on the ability of the code to track rod tempera-
ture, burnup mechanisms, and related dimensional effects as a function
of rod operéting history.

Even though Targe numbers of rods are more Tikely to.represent

typical fuel behavior variation in a large core, problems having to do
with data scatter, volume of information processing, and result
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interpretation were increased by the large sample approach. A quantita-
tive interpretation of data comparison results has not been attempted

due to lack of either a basic physical model in some cases or a large
enough data base in others. Trends in the relative agreement between
measured and predicted comparison values can be related, however, to
design and operating parameters which should have first order significance
like gap size, fuel density, heat rafing, burnup, and fuel temperature.
These trends provide the basis for identifying, and in some cases,
diagnosing lack of fit in the basic physical model.

For thc most part, the relatively large number of data comparison
rods considered (&400) precludes treatment of individual cases in this
volume. In order to interpret FRAP-S2 results, the assumption is made
throughout that the fﬁe] rod data are explainable on the basis of
parameters describing design configuration and operating conditions.
Influence of fabrication parameters not considered by the model is
assumed to only cause scatter in the data and not determine overall

_ .
trends in data comparison results.
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ITI. VERIFICATION RESULTS

Table I shows key predictive -areas for the code and the correspond-
ing output parameters where good performance of the models is most
1ikely to be required. Two categories of analyses, the results of which
“are discussed in this section, were cunducted to cvaluate MRAP-S?
performance in these areas. Letters A and D indicate which modeling
areas are addressed respectively by supporting apalytical -runs and data
comparison runs. Asterisks identify data comparison indices planned for .
applicatiun Lo large sample data handling techniques now in preliminary
stages of development.

Presently, the main criterion used to demonstrate adequate per-
tormance of Lhe basic physical models is that these models be able to
describe the mean measurement response over typical ranges of steady
state operating conditions such as power or burnup. The fact that code
capability requirements extend over different modeling areas in.FRAP-S2
is based on the different feedbacks, indicated by Table II, which are
expected to occur between initial conditions and off normal response.
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TABLE I
FRAP-S2 COMPARATIVE PHYSICAL EFFECTS

Output Category " Output Variable Run Series

Rod Temperature Distribution Fuel Center Temperature ¥ A D
| : Fuel Melt Radius “-- D
Cladding Temperature A . ---
Gap Conductance ™ A D

Power Distribution --- ---

Cladding Stress ~ Rod Internal Pressure” A D
) Gas Content ™ A ---
Gas Composition ™ A -—-

Gas Release Fraction” A D

Void Volumes * A —--

Rod Elastic Deformation Differential Thermal S me- D

Expansion *
Cladding Pressure A ---
Deflection

Rod Permanent Defdrmaﬁion Fuel Swe]]ing'* : A D

Stack Shortening ™ C A D

Cladding Creep * A D

Cladding Yield * —-- D

Cladding Surface Condition/ Corrosion*- A D
Impurity Effects Crud Buildup e

| H2 Concentration ™ A D

A Standard Design Study
D Data Comparison Study

* Potential Data Storage Application.
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‘TABLE IT

IMPACT OF FRAPS-S OUTPUT ON
TRANSIENT FUEL BEHAVIOR ANALYSIS

Frap-S Qutput Category for : Area of Significance in
Initial Conditions : Transient Analysis

Steady State Temperature

Distribution
Fuel Stored Energy ——
Fuel Deformatinn

Cladding Deformation //
Internal Gas Composition

Transient Temperature
Distribution
Initial Temperature
Gap Conductance

Fuel Thermal Conductivity Surface
Burnup Dependent Fuel Thermal Zr-H,0 Reaction Heat
Properties Transfer

Burnup Dependent Cladding Surface’ /
Properties e

Feedback

Internal Pressure .
Gas Content
Fuel Deformation
Cladding Deformation
Burnup Dependent Fuel Mechanical

Properties

Burnup Dependent Cladding
: Mechanical Properties
Burnup Dependent Fission Gas

Distribution

Cladding Deformation
Hydrostatic Stress
Gas Flow
PCMI Stress
Fission Gas Release

INEL-A-2231

T 1. INPUT

For simplicity, nominal input data and references for all verifica-
tion runs have been sdmmarized'in Table III. Typical values were-
assumed whenever full input details were not given in the reference
material. Verification data processing development includes provisions
for cataloging design and operating conditions on the basis of simplified
code input requirements.
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TABLE III

FRAP-S2 MODEL VERIFICATION -- RUN IDENTIFICATION AND NOMINAL INPUT

|

Run Number Clad ID[a] Diametral Fuel Density Enrichment Fin Gas[b] Cold Plenum Dish Fuel Length : Pr:ggﬂre Mass Flow Inltet peak Power Peak/Average Operating
Number Reference Rods (in.) Gap (mils), (%) (%) (psia) {in.) (%) O (ft) (psia) {1061b/hr-ft2) Temperature (ft) (kW/ft) {axial) Hours Output
Standard Design Study j

a6 7x7 1 0.4990 12.0 94.0 2.2 15 16.0 0.0 12.0 1035 1.3 533 10.3(¢] 1.4 32,000 standardl4]

a7 8x8 1 0.4250 9.0 95.0 2.2 15 12.0 0.0 12.3 1055 1.3 533 g.7Le] 1.4 32,000 standardl9]

a8 15 x 15 1 0.3740 7.5 94.0 2.8 345 6.8 1.5 12.0 2250 2.5 552 9.glc] 1.4 21,000 . standardl9]

a9 17 x.17 1 0.3290 6.5 95.0 2.6 300 6.3 1.5 1.9 2250 - 2.5 552 7.\6[°] 1.4 21,000 standardl 9]
Data Comparison Study '
1-6 npr-gol5) 6 0.4957-0.4961 2.0-6.7 95.2-97.8 5.0 15 1.58 1.3 -5.625 406 * 0.39 446 - 1.3 10, 4400 TC, hg
7-15 necL-2588L6] 9 0.6701 6.7 97.1 2.75 15(Ar) 0.0098 0.0 0.230 100 0.0 © y27-3sled 33.0-35.8 1.0lf] 0.25Lf] rm, e, hg
16-17, 19 AEcL-2588L] 3 0.6693 3.9 97.1 2.0 15(Ar) 0.0098 0.0 0.252 100 0.0 127-345Le] 33.0-39.5 1.0] 0.25(f] . o, hg
18, 20 AEcL-2588L6] 2 0.6693. 3.9 7.1 2.0, 2.75 2(air)(f] 0.0098 0.0 0.252 100 0.0 127-345[¢] 33.0-39.5 1.0Lf] 0.25(f] o, e hg
21, 22 AecL-2588l6] 2 0.7150 24.8 95.5, 96.1 1.5 15(Ar) 0.01 0.6 0.502 1100 2.4lf] 480 20.5, 22.0 1.0t 890, 640 m ey ey hg
23, 24 AecL-1464L7) 2 0.7510 4.0-4.5 9.7, 9.1 4.6 15(Ar) 0.006 0.6 0.506 1400 2.4[f] 480 371 1.0l"] 380 ey by
29, 30 AecL-4072(8] 2 0.7346 4.3 97.6, 95.8 1.4, 1.6' 15 0.005 2.0 1.6, 1.2 1100 2.1 . a4 20:6, 20.2 1.0lf] 1810, 5.3 o
a, 32 1ra-22500] 2 0.4992 5.9 95.0 - 5.9 15 0.827 3.6, 0.0  1.736 485 0.35 463 22.6 1.2 2140 e e
33-3  1FA-226L'0) s 0.3743-0.3746 7.9-9.9 91.6-95.9 7.3(U+Pu) 15 5.0-7.0 2.1 2.0-2.15 490 0.36 460, 467 12.0, 15.0 1.3, 1.07 4820 e P, o
37-39  1FA-226010] 3 0.3737-0.3741 3.6-7.8 94.5 7.3(U+Pu) 15 7.0-7.1 0.9 2.0 490 0.36 460 15.6 1.1 4820 ¢! “
50-52  1FA-226(10] 3 0.3743-0.3746 8.2-8.4 90.6-95.1 7.3(U+Pu) 15 4.8-5.3 0.9 2.14-2.18 490 0.36 467 1.8 1.4 4820’ pe
a0 wpr-107011] 1 0.4922 5.9 95.0 5.8 15 1.43 0.0 1.77 490 0.27 a67 17.8 1.26 14 ey €
a1, 42 werj07l1Y 2 0.4921 7.5 95.7. 5.8 15 0.57 1.0, 0.0  1.76 490 0.33 467 15.8 1.26 14 e
s3-a5  wpr-rorl1!] 3 0.5535 8.4 96.9, 91.3 6.0 15 0.39, 1.46 1.4 1.77 a5 ~ 0.32 460 14.7-16.3 1.07 14 TC, ¢
53 r1s0-269L12] 1 0.6929(SS) 3.9 95.7 .35 15 0.42 0.0 0.46 2000(] 0.0 375-813(€] 14.) 1.0 3830 © O
sq, 55 Riso-415013] 2 0.5043 7.1 94.0 1.45 15 1.14 2.2 1.64 1000 0.0 se3le] 20.8 1.2l7] 1692 TC
57, 59-60 IFA-223(14] 3 0.4988, 0.4992 5.9, 6.3 9.7 6.0 15 3.66 2.0, 0.0 1.98 490 0.36 467, 460 21.5, 23.8 1.4, 1.3 6450, 20 T, e
58, 61 IrA-223014] 2 0.4992, 0.4994 6.5, 6.3 94.7 6.0 15 "3.66 2.0,0.0 1.98 - 490 0.36 467, 460 21.5, 23.8 1.4, 1.3 20 ey o
62-64°  wcap-2923l1%]. 3 1.2745(sS) 24.5 95.0 0.6, 0.8 15 0.5 0.0 0.37 15011 0.0 150-290f¢] 22.9, 25.7 1.0l] 24, 30 Tc, hg o
65-69  IFA-130, 131016] 5 0.5024-0.5035 5.9-12.3 90.0-94.0 6.0 15 1.69 0.0 1.52 485 0.39 464 19.4 1.5 20, 1500 TC
70, 71 1FA-132L76] 2 0.5512 9.9 94.7, 94.9  10.0 15 9.45 0.0 1.8 485 0.46 464 32.0,.40.3 153 2740, 130 P, e’
72-87  saul!7] 16 0.370 4.0, 8.0 93.5 3.0 15 1.62 0.0 0.24 0 0.0 gsole] 14.0-26.0 1.02-1.05 1800-18,000 . GR, e
gs-89  kwol18] 2 0. 3661 8.6 94.3 2.8, 3.1 15, 329 51,90 1.5 9.0, 8.7 2360 2.5t 550 7.4Lf] 1.4L7] 20,000 R,
90-94  saxton 1L19] 5 0.3435 6.5 95.0 6.1-7.3 15(0.18) 0.8 1.9 2.9-3.05 2000 2.8 515 4.2-8.4 1.32 1200-7800 2%2, S:
95-107  Ssaxton 11[20] 13 0.3444 7.1 9.0 . 5.9(U+Pu) 15(0. 1) 0.8 1.9 3.05 2000, 2250 2.7 515, 480 . . 8.4-18.3 1.32 2200-10,400 €epr Copr By Zr0y, Hy
108-123  Saxton 1110211 6 0. 3484 _ 7.1 94.0 5.9(U+Pu) 15(0.1N) 0.8 1.9 3.05 2000, 2250 2.7 515, 480 7.2-24.3 1.32 12,600-18,000 ¢ 5 ey GR, 2r0,, H
126-152  Hpr-132(%2] 29 0.574-0.5745 5.1-9.5 95.9-97.0 7.0 15 1.86, 1.99 2.4 5.5 406 - 0.39-0.51 440 8.2-16.8 1.28 900-7700 e R, 2005, H;
153-208  AEcL-1192(23] 52 0.669-0.672(SS) 3.0-17.0 96.2-97.6 4.0-4.9 15(Ar) 0.0-0.05 0.8, 0.0  0.23 100 0.0 126-355L¢] 32.9-41.1 1,0 0.06-0.67 e 2
205-212  AECL-1676L24] 8 o078 33.1 9.6 1.3 15(air)Lf] 0.01 1.8 0.52 1407 0.0 126-3240€] 19.6-36.6 1.0-1.13 600 M. e ey GR A
213-217  AecL-168502%] 5 0.8005-0.8044 4.0-8.0 93.1-95.0 1.85 15(Ar) 0.01-0.16 0.0 0.51-1.01 1421 0.0 100-177L¢] 9.5-16.8 1.0 14,000 c e &R
219-221  Ae-318(26] 3 0.5024, 0.4969 6.0-6.7 96.0-96.3 1.5-6.0 15 0.510.54 1.5, 0.0  2.6-5.6 406 0.3-0.48 440 9.3-18.8 1.28 500-1900 .
218 ceap-5100(27] | 0.500 6.0 92.5 3.9 15 1.38 0.0 2.47 1200 1elfl 340 60.0 1.15 5000 -
222-231  AecL-2588L6] 10 0.6654, 0.6693(SS)  6.0-7.9 95.3-95.7 4.0, 4.8 15(Ar) 0.0-0.02 0.0 0.23 100 0.0 127-345Le] 13.9-16.4 1.0 0.67 rm, hg, e, e
232-239  AecL-2230(28 8 0.6497-0.6505 7.2-8.0 95.0-97.9 2.4 15¢air)Lf] 0.002 0.0 0.50 1180 2.4 480 16.6-17.4 1.0 2800 e e m
240-250  AecL-26622 n 0.7685(SS) a.7 93.4-98,0 2.4 15(Ar) 0.004 0.0 0.80 995 2.4 a0 17.2-24.9 1.07-1.15 3800 P e GR, €., e
251-270  GeAp-az6al30) 2 UL 5UU3-0.5103 4.3-8.9 94.8 1.5-3.8 - 18 Z1-1.b 2.8b-2.85 100D 3.2-6.8 344 27.4-47.3 1.3-1.5 480-1560 m, GR, <, o
213-215 pgr(31-35] 4 0.374 8.0 93.0, 94.0  20.0 550.0, 375.0 2.0 2.3 3.0 2080-2200  0.94-2.0 590, 620 19.9-24.9 1.35 10 TF, e 0 Puohg', Zr0,. ¢ .
g;? 279- pg(36,37] 3 0.346 9.9 92.0 9.5 380(He, Ar) 3.0 4.1 2.89 2160 0.61-2.6 540-620 19.2-20.3 1.32, 1.3 23, 33 TF, e, Ps ho'
282-284  epr1l38] a 0.370 6.0 90.0-97.5 3.5, 3.9 15.0, 780.0 2.7, 1.8 2.2, 1.8 3.0 1050L ] 1.3(f] 532(1] 8.0-9.2 1.52-1.59 450, 1630
286-288  PRTRL39] 3 0.5078 12.0 94.5 1.2 15.0 7.0£f) 11071 7.38 1080 1.5[f] 500 9.5-12.1 1.28 5500-7900 GR, GRMOL, GCOMP
289-208  pr7R[39] 10 0.505, 0.5078 12.0 94.5 2.4, 2.6 15.0 7.0 1.0, 1.10F) 4.0 1050 1.5(f] 500 12.1-21.4 1.28 500-3260 GR, GRMOL, GCOMP, ¢ _, =
299-304  wp(p1g)[40) 6 0.7472 3.5, 5.1 94.0 4.0 15.0 0.13 1.8 1.56 4%0 0.96 454, 464 13.2-19.4 1.08-1.39 5060 6R o
305, 306 Hp(piE)40] 2 0.7441 6.3 94.0 4.0 15.0 0.13 2.6 1.58 490 0.5 454, 464 18.6, 19.8 1.04, 118 7070 6R

307-309  He(p1g)L40] 3 0.4264 1.7 95.1 10.1 15.0 5.6 1.8 4.81 490 0.26 454 1.3 1.28 5500 GR

300-313  Hp(p1g)L40] a 0.4264 5.8-11.8 95.1 10.1 15.0 6 1.8, 1.9 4.8 a90 0.26 454 1.4, 11.6 ag 9700 6R

1a, 315 we(prg)[4041) 0.4922 3.9, 5.9 95.0 5.76 15.0L ) 1.4 0.0,1.2  1.66 4%0 0.27 454 20.2, 21.0 N 2100 GR, P
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TABLE IIT (continued)

Run Number Clad ID[a] Diametral Fuel Density Enrichment Fi]l4Gas[b] Cold Plenum Dish Fuel Length Prtggzre Mass Flow Inlet Peak Power éeak/Average Operating
Number Reference Rods (in.) Gap (mils) (%) (%) __(psia) _ (in.) (%) | i (ft) (psia) {1061b/hr-£t2) Temperature (ft) (kW/ft) (axial) Hours Output
316-318  1FA-20842] 3 0.4922 1.8 94.9 7.0 15.0f] 3.2 0.0, 1.8  4.82 490 0.33 454 22.8-24.9 1.34 3200 Cexr Sepr ey €
319, 320 1FA-116L43-46] 2 0.5537, 0.5538 8.6, 8.7 96.9, 91.3 6.0 5.7, 11,4717 096, 1.0 11 1.64 490 0.32 454 2.1 1.04 4000 o
321-324  1FA-177044-96] 4 0.5531-0.5539 8.0-8.8 96.9, 91.3 6.0 1.4Lf] 1.06-1.41 1.1 1.66 490 0.32 454 21.7-26.0 1.06-1.27 4450 P, TF
325 wp(p)L45+46] 1 0.6309 8.5 95.9 9.65 15.0 5.50f] 21171 1.64 490 0.36 454 41.8 1.18 1650 GR
326, 327 np(p)[45:46] 2 0.5034, 0.5036 9.0, 12.2  94.0 6.0 15.0 , 1.68 0.0 1.52 490 0.39 454 20.4 1.03 5440 GR
- 328 Hp(p)L45:46] 1 0.5512 9.9 95.0 10.0 15.0 5.0 0.0 2.21 490 0.90 464 25.2 1.32 4250 GR

331-33¢  1FA-178047] 4 0.5189 1.0 93.8 6.0 15.0 177 0.0 1.7 490 0:30 a54, 464 16.3-17.1 1, 105 /A p
335-339  1FA-181048] 5 0.4921 n.2 94.0 .01 15,0 2.7, 3.2 2.5 4.83 490 0.28 454 18.5 1.25 5790 Py v, € .
BU-3as MR- uel?P60] b U.505Y 7.5-13.0 94.8 5.1 15.0 3.9 ?; 1.4, &4R 490 0.32 164 16.0 1.25 5280 ey woe
346, 347 1FA-150(57] 2 0.4264 5.9, 1.8 95.1 10.1 15.0 5.6 1.8 4.81 490 0.26 454 13.8 1.28 9700 e
348 17A-208[42] 1 0.4992 1.8 94.9 7.0 15.0 C 3.2 0.0 4.82 490 0.33 454 21.7 1.34 3180 Efcx
351 1FA-224042] 1 0.4992 N 90.1 7.0 15.0 3.2 3.7 4.82 490 0.3 454 17.6 1.34 150 c':
3652, 353 1rA-230092>49] 2 0.4992 9.8, 13.8  94.9 6.0 15.0 3.2 0.0, 3.3  4.92 490 0.34 454 16.3 1.34 60 e e
354-358  sGHWRL??] 5  0.5756 4.9-14.8 96.3-97.1 3.7 15.0 7.8 0.0 12.0 943 2.4 525 5.3-17.7 1.42 - 8700 - ™
350-362  wesTlS3] 4 0.374 7.5 92.0 2.8 " 385.0 6.8 1.5 12.0 2250 2.5 552 5.9, 13.7 1.40 5000, 10,000 e, :
363-366  Bawl54] 4 0.380 10.0-13.0 92.5-96.5 5.0lf] 15.0 2.0lf] 2.2 0.33 sool ] 0.0 400 a5 1.12 1200, 2000 c':
367 1rA-166049] 17 0.4922 5.9 95.0 5.8 15.0 WY 0.0 1.66 aan n 27 454 16.0 11 12 ik
370, 371 1rA-116(%3] 2 0.5530, 0.5539 7.9, 8.8 91.3, 96.9 6.0l 15.0Lf] 1.06, 2.04 1.1 .64 490 - 0.32 464 13.5, 14.5 1.26 15 i
372, 373 1FA-1420%7 2 0.7480 4.7 94.3 3.0 15.0Lf) 0.2 2.0, 2.2 1.57 490 0.31 464 20.3 1.14 4180 p
380, 381 1FA-180(55] 2 0.5531 9.2 87.3, 91.3 1.0 15.0Lf] . 1.05 0.0 1.74 - 490 0.30 454 20.0, 20.4 1.1 1070, 10,400  GRMOL, GR
386 1Fa-181L98] 1 0.4921 1.2 94.0 1.0 15.0l"] 2.73 2.5 4.83 490 0.28 454 18.5 1.25 5790 ey s, P
387-389 - 1FA-225L6] 3 0.4992 11.8 95.0 5.9 15.0L7] 0.84 3.7 1.60 490 0.35 464 15.2 1.27 39 p
390 401 1rA-40111%7] 1 0.5000 2.8, 13.8  86.8-93.8 /.U 15.0 1.4E7] 2.4 0.82 490 0.34 454, 464 12.9, 17.5 1.04, 1.4 7170 ¢
402-408  1FA-4041(58] 3 0.5000 2.4-3.9 94.8 7.0 15.0Lf] 2.glf] 2.4 “1.64 490 0.17 454 17.9 1.08 1640 i
ans, a0s 1ra-414059,60] 1 0.3933 2.0 8.7 95.0 7.0 15.0Lf] 1.0t 2.7Lf] 131 2000 0.12 491 (f] 18 0 1.20 810 L':r; oo
a07. 1FA-173042] i 01.4921 n A e 6.1 15.0lt] 0.96 1.8/ 1.68. 490 u. e 404 12.9 114 3 e
aun-a10 1+A-4p411(68] 3 0.4988 2.1 90.1-95.8 7.0 15.0(7] 2.81] 2.4 1,64 490 0.17 454 16.3 1.08 2ann o
a11-a18  migl61:62] 4 0.2483-0.2498 6.3, 1.0 95.7-97.4  43.0-49.9 15.0 0.04-0.06 10.2, 11.9  0.41 2000 0.39 518 13.0-15.6 1.23 285, 320 e et
M15-423  1FA-429(63] 9 0.374 8.0 91.0-95.0  13.0 375.0 1.0 1.1 0.80 490 0.56 464 7.2-12.0 1.02-1.30 960 woe o
424-429  1FA-431064,65] 6 0.4291 1.9-14.9 92.0, 95.0  10.0 15.0. 0.59-0.94 0.0 1.86-1.89, 490 0.36 a64 5.6-8.2 1.08 17 TF, hg"
NOTE: TF - fue]‘centerline temperature T fucl axial deformation

rm - fractional melt radius ZrO2 - clad corrosion thickness

€ep - clad circumferentig] deformation H2 - clad hydrogen concentration |

“ex ¢lad aaial deforanFion (") - prime ingicates IRSTrumentad Fod qata

GR - gas release fraction ’

4 - rond internal pressure

hg - gap conductance

GRMOL - gas content

GCOMP - gas composition
[a] Zircaloy unless otherwise noted.
[b] Helium unless otherwise noted.
{c] Core average rod power. -
[d] Standard Design Package (versus time): centerline temperature, qas release fraction. h . . internal pressure, vnid vnlume gas abundance, gap size,

gas helium fraction. yap

[e] Ctad surface temperature specified.
[f] Assumed.
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2. STANDARD DESIGN STUDY

Calculations of steady state fuel behavior were performed with
FRAP-S2 for standard design commercial fuel rods. Previously reported
FRAP-S1 Standard Design results showed that expected variation in design,
operating, and model parameters had significant impact on initial '
conditions for transients. Two different PWR (15 x 15, 17 x 17) and BWR
(7 x 7, 8 x 8) fuel designs were aha1yzed. Results for the main output
parameters as a function of operating time are discussed for the core
average 15 x 15 and 7 x 7 rod. Trends seen in the 17 x 17 and 8 x 8
results are consistent with those identified for 15 x 15 and 7-x 7 rods,
differing only in magnitude due to lower heat rating and fuel temperature.
Results for different power histories with the same discharge burnup aré
presented but have not been analyzed in detail.

One objective of the Standard Design Study was to benchmark FRAP-S2
output characteristics for extended burnup, full-scale application.
Establishing steady state output ranges for power reactor conditions is
" a prerequisite for investigating typical fuel behavior variation for
transients. Another objective of Standard Design runs was to relate
FRAP-S2 results with previously generated results so as to establish the
cumulative effect of changes in models and material properties.

The relative power. histories used in the standard design study are
shown in Figures 1 and 2 for PWR (3 cycles) and BWR (4 cycles) rods,
respectively. Rod average discharge.bqrnup is about 32,000 MWd/t in
all cases. The axial peaking factor is 1.4. Rod average heat rating
has been normalized to the core average value at 100% power, respectively
7.05, 5.45, 7.3, and 6.3 kW/ft for 15 x 15, 17 x 17, 7 x 7, and 8 x 8
fuel designs. A1l local results presented here, such as fuel temperature,
gap size, and cladding deformation, will correspond to the axial peak
power location.

The nominal (Case A) run represents steady power operation of the
core average rod at 100% core power. Most of the results to be discussed
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Fig. 1 Power hiétory for PWR standard design rods.

in detail here relate to the Case A power history and correspond to
typical output characteristics of the code. Case A results are used
as an indication of what differences exist between FRAP-S1 -and FRAP-S2.

- The different Case B power histories (increasing, decreasing, and -
mixed) represent steady operation over .each cycle at various normalized.
power levels between 0.6 and 1.4. Different power levels will be
encountered. in the course of achieving high burnup due to -fuel manage-
ment activity. Normally about 70% of the rods in the core fall within
this operating range (i.e., core averaye heat rating +40%) at any .
given time.

Case C represents the lead rod at different burnup conditions. In
this case, core average burnup conditions are combined with full- power
ramps at beginning-, middle-, and end-of-life.

FRAP-S2 results for Case B and Case C power histories are shown

only for purposes of illustration in Figures. 3 through. 20. What is
shown is the contribution of power history to variation in initial
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Fig. 2 Power history for BWR standard design rods.

conditions for transients. These results genera]]} indicate that
"differences between FRAP-S1 and FRAP-S2 results are small compared to
the effect of core power distribution or input power history assumed

by the user.

Figure 3 shows predicted fuel center temperature for the 7 x 7 BWR
design. Horizontal curves correspond to results from three different
Case A power history runs. These are runs whose input power history
corresponds to steady core average rod operating conditions. Results
are discussed for FRAP-S2 with and without fuel densification and
FRAP-S1 which had no densification model. The FRAP-52 power history
effect is only shown to illustrate the relative effect due to variable
operating conditions across the core as opposed to variation in models.
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Fig. 5 FRAP-S2 standard desigh study, 7 x 7 gap conductance versus
irradiation time.
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Figure 3 shows that initially comparable core average rod results
from both FRAP-S1 and FRAP-SZ2 begin to divefge early in the operating
history. The nominal FRAP-S2 results give central fuel temperatures
as much as 500°F higher than FRAP-S1. Fuel densification is responsible
for only a small part of the temperature increase as indicated by the
FRAP-S2 run without densification. Both FRAP-S2 and FRAP-SI predict a
fuel temperature decrease, occurring at high burnup and associated with
gap closure from fuel swelling. '

Similar trends are seen in the 15 x 15 curves in Figure 4 but the
magnitude of temperature differences between FRAP-S1 and FRAP-S2 1is much
less than for the BWR design. The relatively small temperature effect
is due to consistently high gap heat transfer calculated by both codes
for pressurized rods.

Figures 5 and 6 show steady power burnup effects on gap conductance
and gap size, respectively, versué operating time for the 7 x 7 design.
Results are consistent with temperature trends shown in Fidure 3. 'Runs
having lower gap-condhctance are associated with higher fuel tempera-
ture and vice versa. Both FRAP-S2 runs (with and without densification)
-predict significantly lower gap conductance compared with FRAP-S1. On
the basis of Figdre 6, this result is not unexpected given the larger
hot gap size predicted by FRAP-S2 with densification. The combination
of smaller gap size and Tower gap conductance for FRAP-S2 without
densification warrants additional investigation. Current results may
only reflect sensitivity of unpressurized rod burnup condition to gas
release during early time steps. The'pressure'and gas release comparison

is shown further on.

Figures 7 and 8 compare gap conductance and gap size burnup effects
between FRAP-S] and FRAP-S2 for the 15 x 15 design. Again FRAP-S2
predicts lower gap heat transfer than FRAP-S1. This is considered to
be a desirable result since limited FRAP-S1 verification runs for
pressurized rods had indicated that the effective gaé conductivity used
in the gap conductance model was being overestimated at high helium
pressure. Large gap conductance values, characteristic of hard pellet-
cladding contact, were predicted by the previous model, even for open
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gap conditions. Trends in PWR gap size results shown in Figure 8 are
consistent with the fe]ative]y'smal1 temperature differences seen in
Figure 4. The effects of considering fuel densification and using a
different cladding creep model are more evident with less temperature
change between runs. The nominal FRAP-S2 curve maintains a larger gap
resulting from densification which is mainly predicted to occur during
the first few thousand hours, consistent with most measurements.
FRAP-S2 without densification initially predicts gap sizes comparable
with FRAP-S1 as eXpected. As bufnup progresses, however, the FRAP-SZ2
curve indicates an increasing (cumulative) gap size effect due to less
cladding creepdown. The slower FRAP-S2 collapse rate occurs because of
higher internal pressure calculated by the model and the higher creep
activation energy used by revised cladding properties in the current |
MATPRO.

Figures 9 and 10 show, for 7 x- 7 and 15 x:15 designs, the expected
effect on gas composition of higher fuel temperature in FRAP-S2 relative
to FRAP-S1. In Figure 9 the end-of-life difference in free gas helium
fraction between the current :and previous code versions seems less than
that expected on the basis of the relatively large fuel temperature
difference. This may be due to physical limits on.the amount of
retained gas left to be released in different fuel temperature regions
after prior and extended operation under high release conditions. In
any event, unpressurized rod thermal conditions were seen earlier to
be sensitive to the cumulative effects of calculated differences in gas
composition between FRAP-S1 and FRAP-SZ.

Figures 11 and 12 give the rod internal pressure history for 7 x 7
and 15 x 15 rods, respectively. Here again is seen marked differences
between trends for unprepressurized and pressurized rods. Both FRAP;SZ
pressure histories are markedly higher than that predicted by FRAP-SI
for the BWR design in Figure I1. It is not coﬁsidered reasonable for
the core average rod analysis to result in end-of-life internal pressure
exceeding the system value in violation of accepted design criteria.
Higher fuel temperature, thermal expansion, and gas release dominate the
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results, regardless of whether fuel densification is considered. For
the PWR cases shown in Figure 12, FRAP-S2 with densification predicts
lower internal pressure than FRAP-S1. Rémoving densification results in
c]bse agreement between FRAP-S2 and FRAP-S1. -In the PWR analysis, more
void volume from densification and less cladding creepdown determines
the pressure history more than the marginally higher fuel temperature
and gas release predicted by FRAP-S2. The effects of any differences in
center femperature on fuel thermal expansion and rod void volume are
moderated for the dished PWR fuel which is calculated to expand axially
based on pellet shoulder temperature. ' ‘

The point in regard to governing influence of fuel temperature over
other models is again illustrated by the 7 x 7 and 15 x 15 fuel stack
elongation results shown in Figures 13 and 14. The addition of a
densification model in FRAP-S2 is seen to have less effect on the BWR
results due to influence of other modeling differences on fuel tempera-
ture.

~ With regard to the key modeling output of free gas abundance, it.is
a design rather than any modeling difference which mainly controls the
results., The amount of free gas in.the core average BWR rod at end-of-
1ife ranges in Figure 15 between 13 and 25 times the as-built value,
depending on whether predictions are based on core average rod FRAP-SI
or FRAP-S2 runs. Results for the prepressurized rod shown in Figure 16
show that burnup causes rod gas content to build up to a va]ue‘only 30
to 35% in excess of the as-built amount. ‘

Figures 17 and 18 show cladding Hoop strain versus operating time
for the 7 x 7 and 15 x 15 design.A For this output parameter, differences
in operating system condition have strong influence on determining trends
in the results, regardless of whether FRAP-S1 or FRAP-S2 is used. The
7 x 7 curves are all quite similar since the creep rate is small with
relatively low cladding temperature and pressure difference. Diameter
increases are predicted by FRAP-S2 beginning late in life due to
excessive internal pressure buildup previously shown in Figure 11. For
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the 15 x 15 rod in Figure 18, FRAP-S2 predicts less cladding collapse
than FRAP-S1 due to use of a revised creep correlation with higher

[4]

activation energy in the temperature dependent creep term

Figures 19 and 20 show the buildup of cladding surface corrosion
with time again for 7 x 7 and 15 x 15 rods, respectively. FRAP-S1 and
FRAP-S2 results are seen to be very comparable since the corrosion model
is nominally unchanged. For both fuel types, significant differences in
" rod internal conditions between current and previous,cdde versinns have
no impact on cladding surface conditions given consistently high surface
heat. transfer, ‘

3. DATA COMPARISONS

’

The data base used for fuel behavior model verification has been
expanding with each new version of the Fuel Rod Analysis Program.
Additional tests of the physical model are performed to enable verifica-
tion runs to have continued significance in evaluating successively
fine-tuned code versions. Also, most data types are characterized by
significant scatter reflecting differences in désign configuration,
operating condition, and data reproducibility itself. This measurement
variation necessitates a maximum sample size approach to facilitate
interpretation of results. Data comparison runs, in addition to those
considered during FRAP-S1 verification, were added as time allowed.
Continued representation of various research programs and facilities was
actively pursued. This approach minimizes the effect of variation in
measurement reproducibility and systematic error on interpretation of
results.

Identifying the mean, range; and distribution of fuel behavior
measurements is dependent on having many data points applicable to a
given design configuration and range of operation conditions. Reporting
of replicate measurements for instrumented rods, even for subsequent
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power cycles of the same rod, is generally not the préctice. Local
operating conditions reflecting nonuniform power distribution were not
always well characterized in the reference material. Fabrication data
reflecting as-built dimensional to]erances and details about maferia]
preparation was'usua11y not reported. Much of the data, in particular
from ré]atively high power tests with fuel me]tfng, center voids, fuel
plasticity, or clad ridging, may reflect to a greater or lesser degree,
mechanisms not expressly treated by the current physicé] model. It is
felt, however, that influence of unaccounted for effects on applica-
bility of data comparison results is usually not larger than the range
of data‘reproducibility’itself. Anomalous or outlying data points are
more readily identified then, among relatively large sample popd]ations.

Data processing functions used in verification are being expanded
beyond the current large sample input procedures. This expansion pro-
motes the capability for evaluating results of many different experiments
as well as making more quantitative interpretations of model accuracy.
Table IV summarizes the number of runs, types of data, and main sources
of information for each comparison index investigated with FRAP-S2.
Comparing FRAP-S1 and FRAP-S2 sample sizes, it is observed that signifi-
cantly more fuel behavior measurements have been considered in the
current effort.

3.1 Thermal Model

3.1.1 Fuel Centerline Temperature. Discussion of fuel temperature

results will be given first since this parameter strongly influences other
models in FRAP-S2. It has not normally been verification practice'to

base conclusions on results of individual comparisons. As previously
stated, there is too much variation in reproducibility of fuel rod
measurements to permit more than establishment of isolated trends

(i.e., applicable to only 1 design and operating condition) when single
rod results are shown. Identifying these trends is useful, however,

. for interpreting the summary results discussed later on.
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002

TABLE .IV
FRAP-S2 MODEL VERIFICATION: SCOPE OF DATA COMPARISON STUDY

Sampla Size

Data Maximum
Comparison Index Category S1 S2 Operating Hours Test Program

Fuel Temperazure * 30 52 8800 HPR, R1SO, WCAP, PBF
Gap Conductance A/PIE -/27 - 18/27 BOL/900 ~ AECL, HPR, PBF
Fuel Melt Radius PIE 94 94 2500 AECL, GEAP
Fuel Axial Elongation T JPIE 8/18 35/22 9000/19,000 - HPR, KwU, B&W, W
Rod Internal Pressure . * 17 _ 50 12,000 HPR, AECL, RBF
Gas Release Fraction PIE 104 159 18,000 HPR, SAXTON, B&W, W, AECL, PRTR.
Gas Composition o - PIE — 8 6600 PRTR
Gas Content . PIE --- 10 10,000 - HPR, PRTR
Cladding Axial Elongation * /[PIE 13782  28/92 . 9500/18,000 HPR, SAXTON, AECL, PRTR,'MTR, PBF
Cladding Circumferential e * /PIE 4/123 16/132 2100/18;000, HPR, AECL, GEAP, SAXTON, KWU,

. ' : PRTR, MIR
Cladding Corrosion PIE 30 .30 18,000 HPR, SAXTON
Cladding H2 Concentration ’ PIE 30 36 18,000 HPR, SAXTON

* Instrumented rod data.
A Inferred from instrumented rod data.

PIE PQstirradiation examfnat'on.
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Fig. 21 Reproducibility of BWR fuel centerline temperature versus power.

Figures 21 and 22, for example, respectively summarize startup
temperature measurements from 7 BWR[5’16’26] and 4 Pl\lR[3]’32’34’35:|
rods with almost identical design, fuel form, and surface heat transfer.
Gap size and fuel density for the BWR rods ranged respectively fromA6
to 7 mils and from 94 to 96%. Enrichment was either 5 or 6% U-235 with 1
atmosphere helium backfill. The PWR rods all had 8-mil gaps, 93% fuel
density, 20% enrichment, and initial helium pressurization of either 375
or 550 psia. With these similarities, the total range of predicted fuel
temperatures for the BWR and PWR rods spans no more than 250 and 10°C,
respectively, for a given heat rating. Obscrved variation in the data,
however, is larger than that attributable to known differences between
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Fig. 22 Reproducibility of PWR fuel centerline temperature versus.power.

the rods. The measurement rahge at a given power level is as high as
600°C for the BWR rods and 200°C for the PWR rods. Even for predictions
which lie inside the heasurement envelope, it may be unfounded to
conclude that the code is adequate and only the data are in need of
improved characterization. There are uncertainties in the fuel design
parameters and differences in fabrication tolerances and procedures,
which are not considered in the prediction and therefore only affect the
data in this case. On the other hand, error in determining local power
at instrument locations, together with thermocouple decalibration and
placement, have an effect on the apparent relationship between tempera-
ture and heat rating. FRAP-S2 is generally observed to overpredict the
BWR fuel temperatures and underpredict the PWR fuel temperatures.
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Another point with Fegard to the effect of relative measurement
.reproducibility on data comparison results can be illustrated by
Figures 23 and 24. Figure 23 shows fuel temperature behavior for two
initial power cycles involving an 8-mi]vgap; PWR size rod without .

[]0]. Error in calculated power distribution for this

prepressurization
mixed oxide fuel‘typé is partly responsible for the overall model's

apparent tendency to overpredict fuel temperature. In any event, the -
prediction changes very little from ramp 1 to ramp 2, only 50 hours ’
later. The observed temperatures show considerable increase for the

second ramp, however, reaching a level which is then maintained for

ramps over several thousand MWd/MtU. One conclusion might be that

the code properly represents the fuel temperature, except for the

startup period when all of. the fuel and instrument accommodates seem

to take place. Alternately, the data indicate that most of the burnup

effect on fuel temperature is exhibited in the first 50 hours of

irradiation. Neither conclusion, however, seems entirely reasonable

on physical grounds.

Figure 24 giVes.beginning-of-lifé results from a BWR size 8-mil gap
rod from another experiment[]]]. In this case ft§has not been reported
whether a similar temperature change from one early life ramp to the
next had occurred. Use of annular design pellets further complicates |
ihterpretation due to uncertainties in calculated power distribution.
The code, in other words, could be doing.a better or worse job than
isolated results indicate. It seems reasonable to put more emphasis on
nonstartup ramps or average measurement response, the net result being
an emphasis on the most, typical behavior. Continued reporting of
-experiment details through postirradiation examination (PIE) is necessary
-for good characterization of verification instrumented rod data.

Figure 25 compares measured and predicted fuel.center temperature
for the data sample considered (52 rods). Most of the data points

- reflect initial startup or relatively low burnup conditions (<100 operéting
hours). The fuel diameter was BWR size (0.500 in.) or larger for 34
rods. Of the remaining 18 rods with PWR size fuel, only 8 were prepressurized.
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Fig. 24 Fuel centerline temperature versus power for annular pellet rod.

Ranges of fuel density (90 to 98%) and gap size (diamctral gap/fuel
diameter 0.40 to 3.55%) are represented on the figure.

A general trend toward. overestimating fuel temperature is observed |
especially above calculated fuel temperatures of 1000°C. Highlighting
burnup data in Figure 26 suggests that the predicted gas conductivity

‘effect én gab conductance 1s Lou strong. The main calculated burnup

effect in these cases is the variation from the initia11y pure helium
gas composition. Figure 27 shows this point in terms of fractional
temperature agreement versus the relative helium content of the internal
yas imixture. A gradual increase in the amount of temperature over-
prediction is seen to accompany dilution of the helium fill gas due
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Fig. 26 Predicted versus measured fuel centerline temperature - summary
results.

to gas release from-the fuel. This trend is consistent with Standard
Design results discussed in a previous section.

Some exceptions are noted relative to the generally observed effect
of gas composition on relative model agreement. In these cases, the-

206



3200

. 1 ! |
Symbol = Run ID Ref. T i
o 16 HPR-80 [5]
O 33-36 IFA-226 [10]
i O  43-45 ~ HPR-107 [11]
: O 5354 RISO-269 [12], RISO 415 [13] G\/
2800 @ 57,5960 IFA-223 [14] , *ﬂ/ —
QO 62-64. WCAP-2923 [15] . o
D 65-69 IFA-130, 131 [18) . ~c>
q . 219-221 AE-318 [26] [ X %
O 370,371 .. IFA-116 [44] "‘o $ o
® 273, 274,277, 228 PBF (31, 36, 34, 35] & ‘“0
2400~ @ 276, 280 PBF [36, 47] . on Q§
. & 319,320 IFA-116[43,44.45] o ®® o X 0 /e
o @ 321-324 IFA-117 [44, 45, 46) o ot & OL”
@ P 424-429 IFA-431 [64, 65] s JQ o /&o"
2 @ 415,416 IFA-429 [63]
©
2 2000‘L Darkened Symbol =-Burnup 3> -
3 y
(]
=
@
£
& 1600 - -
o
3
w
©
[
o
©
Q
. & 12004 -
oN
@
o
<
v
w
800 - -
400 1~ -
o 1 L ] 1 1
0 400 800 1200 1600 2000 2400
Measured Fuel Centerline Temperature (C) " INEL-A-2273

Fig. 26 Predicted versus measured fuel center]ihe.temperéture - burnup
data. ) »

rods were prepressurized, and/or were fabricated'with a relatively large
amount of gas other than helium in the fill gas mixture, and/or had
large diameter gaps. The fill gas effect is not really amenable
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to further definition due to conflicting trends among the limited number
of rods available. Figure 28 indicates there is less tendency to over-
predict fuel temperature for very smali and very large gaps. This ;rend
suppbrts the high contact fraction assumed in the model for small gaps
as well as the assumption that at least 30% of the pellet surface will
always be in contact with the cladding, even for relatively large hot
gaps. Modeling attention seems warranted for the cracking and soft
contact conditions expected for power reactor designs with gaps between
1.5 and 2.5%.

The fact that Tack of fit in fuel cracking modeis has an effect on
relative model agreement is indicated by Figure 29. Fuel temperatures
are overpredicted more consistently at low fuel density fndicating some
tendency‘to underestimate heat transfer. Rather than pointing to an, .
influence on the part of fuel thermé] conductivity, the fuel density
trend suggests that the amount of fuel ¢racking may be underpredicted:at
Tow density. Fuel density is a parameter whose possible structural sig-
nificance is currently not considered by the pellet cracking model.

The fact that enrichment has a slight overall effect on relative
temperature agfeement as seen in Figure 30 may indicate that verifica-
tion input is in need of some improvement. The amount of flux depres-
sion for a 5 to 9% enriched pellet rod is probably underestimated since
the bui]t-in (LASER) power distribution model is limited to the effect
of 4% enrichment. This overprediction of centerline heat generation
(<10%) is balanced in part by not accounting for the center instrument
" hole in the calculated power distribution, an effect which .would tend to
underpredict central heat generation by a comparable amount (<10%). An
externa]]y‘supb]ied power distribution factor[66] was used in the
predictions for enrichment levels greater than 9%. Figure 30 does
indicate that flux distribution input conventions do not cause any
overriding effect which invalidates further interpretation of data
comparison trends on the basis of design or 6perating conditions.

3.1.2 Gap Conductancé. For several experiments with measured fuel

temperature, gap conductance values were inferred analytically (see
References 5, 15, 31-37, 64, 65). In a few other cases[6’7], derived gap
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Fig. 29 Relative fuel centerline temperature model agreement versus

fuel density. L
conductance was based on temperature markers provided by postirradiétion
pellet metallography. Significant data scatter arises due to the geo-
metric boundary nature of the mechanism (with an accompanying stéep
temperature gradient), together with the fact that consistent analytical
methods have hot been applied among test programs. Agreement between
FRAP-S2 results and inferred experimental values is in this case strongly
affected by similarity in material properties and analytical assumptions.
For this reason, the primary gap conductance data comparisons were those
which could also be associjated with demonstrated fuel temperature
consistency.
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Measured and predicted steady state gap conductance is shown in -
Figure 31 for 45 rods, 18 with fuel thermocouples and 27 with data based
on postirradiation exam (darkened). Contact conductance for argon
filled melt rods is better represented by the model as shown by a more
uniform distribution of the PIE results about the reterence line.
Accuracy of models for gap closure or those contributing to gas conduc-
tivity changes do not compromise these data comparison results since the
gap is definitely closed at high temperature and the gas conductivity is
definitely low to begin wfth. Many predicted values above the (Y + 100%)
Tine are found to correspond to rods with relatively large gaps and/or

helium prepressurization.

Applicability of the gap closure model seems to have some influence

on relative gap conductance agreement as shown in Figure 32.

The

observed trend of matching the unpressurized rod thermal data better for
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small and large gaps is consistent with previously discussed fuel
‘temperature comparisons. There is also consistency between fuel tempef—
ature results and the fuel density trend shown in Figure 33. The ‘
cracking model is more supported for high density fuel in terms of
closer gap conductance agreement in this range.

The fact that FRAP-S2 generally overpredicts gap conductance for
this data sample is not inconsistent with the previously identified ’
overprediction of fuel temperature for unpresshrized rods. Data points
available for the gap conductance comparison include a relatively larger
representation of instrumented helium prepressurized rods compared with
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data used for center temperature comparisons. With the exception of 2

IFA-429 rods[633, fuel temperature was shown earlier to be underpre-

dicted fur helium prepressurized rods. '

Cross comparisons for instrumented rods indicated consistency in
thermal model results. Overpredicting gap conductance, in other words,
is most often associated with underpredicting fuel temperature, and vice
versa. This correspondence indicates overall agreement in fuel thermal
conductivity models between FRAP-S2 and those derived through various
experimental efforts whose analytical tools provide the gap conductance
data used here.
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3.1.3 -Fuel Melt Radius. Steady power experiments with fuel
[6,7,23,24,27,29,30]_ .

melting were included in the data comparison study
The intent was to characterize fuel conductivity, thermal expansion, and
contact conductance models at their upper limit of application: 1In
setting up the melt radius. study, advantage was taken of an input option
for allowing the code to specify stainless cladding properties. This
flexibility allowed more of the available.melt data[23’29] to be in-
c¢luded in the analysis. |

Due in .part to the severity of test conditions, associated large
‘data scatter, and-power uncertainty, the objective of diagnosing any
lack of fit in the thermal model is not achieved with good definition.
Since melt cross section itself is a local measurement, the ability to
characterize local power had a strong influence on results. There is
also difficulty in determining the difference between operating condi-
tions governing relatively rapid, as opposed to time-dependent, struc-
ture changes accompanying high fuel temperature. Even for relatively
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short-term irradiations, the different measurement techniques indicate.
considerable uncertainty-(estimated +20%) in the melt radius data itself.

Figure 34 shows predicted versus measured .fractional melt radius
from several experiments. Vertical lines show the influence of +10%
input power uncertainty on the prediction for selected points. Hori-
zontal lines give the measurement range for cases where data based on
both autoradiography and metallography are reported for the same fuel
cross sectiori. A1l but 5 of the 94 rods considered were large diameter
specimens with argon fill gas. Most of these rods (66) were stainless
clad. Measured heat ratings ranged from 13 to 40 kW/ft. Cold diametral
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Fig. 34 Measured versus predicted fractional melt radius - summary
results.
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gap was between-0.8 and 33 mils with fuel density between 92 and- 98%.
Maximum operating time at high temperature was about 2500 hours.  This
range of conditions produced observed melt structures extending over
from 10 to 85% of the fuel radius.

Figure 34 indicates that incipient melt conditions are not fully-,
characterized by the code. There is only one nonzero prediction of less
than 0.2 fractional melt radius. The trend of calculated values has its
effective origin then at location (0, 0.2). The main reason for this is
built-in nodalization for 10 equal area fuel rings in the model. The
innermost mesh interval spans a pellet fractional radius - near 0.3. "More
definition is needed over the center fuel annulus. This need arises
because even the most limiting steady‘state overpower operation for LNR
fuel is not expected to cause any extent of melting beyond incipient
conditions. FRAP-T2 analysis using the same data and the same fuel
thermal conductivity, power distribution, and gap conductance models

showed calculated values to be within measurement reproducibility of the
data[67]. ‘ -

No consistent trend was found relating agreement of the model with
gap size, burnup, or fuel density for the melt data taken as a whole.
The calculated result is more dominated by large pe}]et expansion,
contact conductance, and nodalization regardless of design or exposure.
Omitting all but zircaloy clad rods in Figure 35 doeé give a different
distribution about the reference line. This change is mainly a con-
sequence of eliminating short-term (3 to 40 min), hvdraulic rabbit
tests[23] where mainly small (<30%) melt radii were observed, i.e.,
beyond the nodalization capability. Underpredictions for large observed
melt radius cases are associated with relatively big gaps on the order
of 3%. .

3.2 Fission Gas Model

Varying amount and composition of internal gés was shown in the
Standard Design section to have strong influence on uniform clad strain,
gap size, and fuel thermal conditions. Two types of data comparisons
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Fig. 35 Measured versus predicted fractional melt radius (Zr-clad rods).

were performed to characterize ability of the code to track buildup of
fission gas and internal pressure. The'mechanisms are ihportant for
determining cladding stress conditions, rupture behavior, and fission
product release for accidents involving core depressurization.

3.2.1 Gas Release Fraction. Fractional gas release will be

discussed first since interpretation of results is less dependent on
being able to model rod internal void volume changeé.i_Predicted versus
measured fractional release is shown for several groups of rods in
Figure 36. The rods represent nonpressurized PWR, BWR, HBWR, and NRX

- (AECL) fuel types operated at various steady state power levels with
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surplus cooling and periodic shutdowns over a range from low temperature
to qgross melt conditions.

The comparison indicates.that gas release is generally overpre-
dicted, consistent with the general overpredli'ction of fuel temperature
shown earlier for unpressurized rods. The gas release model is itself
dominated by strong fuel temperature dependence as shown in Figure 37.

It is observed that the model better represents the relatively high

temperature experiments[]7’2'4’25’28'30] w1"th observed release fractions
greater than 10%. Rod power history for these cases is usually based on

time averaged heat rating with few details available ‘concerning the
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relatively short-term power changes which undoubtedly occurred. Never-
theless, relatively sustained high fuel temperatures dominates these
cases and causes significant gas release to be both observed and pre-
dicted.

Gas release for experiments having more detailed power history input

and more moderate operating conditions[]9'22’39’40’45’46]

seems to be
overpredicted at low and moderate burnup and better characterized by the
model at high burnup. This trend indicates that the.assumption of
instantaneous gas bubble equilibrium implied by the model may not always
be applicable to rods experiencing occdsiona] short-term periods of high-
powér during a longer term irradiation. For many of the Halden

[22,40,45,46) (méximum irradiation time 9500 hours), preferential

rods
release of previously generated gas during peak power operation is
predicted on the basis of fuel temperature alone. The data indicate
that it is possible for periodic fuel temperatures above 2000°C to have
relatively little effect on cumulative gas content. Low observed gas
release for these moderate burnup conditions may be due to some combina-
tion of pellet structural properties,. porosity distribution, incomplete
gas bubble coalescence, or relative abundance of gas bubble trapping

sites. Higher burnup Saxton data[20’2]]

» on the other hand, for rods
with late 1ife (15 to 18,000 hours) power increases, show gas release
greater than 10%. This observation is consistent with enhanced fuel
damage and gas bubble channeling at high burnup. In this case, the
physical condition of the fuel can be more associated with thé instan-
taneous release assumed by the model. Retained fission gas is able td
quickly respond to current fuel temperature conditions because gas

bubbles already occupy preferential release locations at grain boundaries.

Figure 38 shows that the tendency to overpredict gas release is
more prohounced‘when the calculated peak fuel temperature is between
1400 and 2400°C. This temperature range corfesponds to the rapid
transition from low to high gas release used by the current model
(Figure 37). The effect of fuel temperature on -the calculation may be
too strong since the empirically derived gas release model incorporates-
data reflecting dependence of gas release on parameters other than fuel
temperature, for example the coupling between bubble diffusion processes

and fuel structure.
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Figure 39 supports the contention that lack of a mechanistic treat-
~ment of fuel cracking and bubble disposition in the gas release model
affects the relative agreement in spite of strong influence on the part
of calculated fuel temperature. This is said because there is a trend
of decreasing overprediction versus operating time. Operating time
should be at least roughly proportional to the number of shutdown and
.startup periods during which fuel cracking and discontinuous gas release
are likely to add to the temperature dependent release. Relative over-
prediction of temperature dependent release by the model is seen to
decrease as the influence of burnup and load-follow dependent release
(not considered by the model, but manifest in the data) increases.

Figure 40 shows relative model agreement versus fuel density, a
design parameter which should have some mechanistic significance in
terms of fission gas retention within the fuel matrix. In this case,
either overestimation of fuel temperature or the overly strong sensi-
tivity of calculated gas release to fuel temperature precludes further
diaghosis of this modeling effect. Without more lTow density data being
considered, their seems to be no physical basis for density alone to
cause the observed trend in relative gas release overprediction.

3.2.2 Rod Internal Pressure. Mixed resu]tsvwere obtained when

operating pressure measurements were compared with FRAP-S1 predictions

[]0;]6’29’31'37’44’47’56’63’65] experiments. Ability of the

for various
code: to track fission gas behavior is strongly dependent on the calcu-
lated fuel temperature distribution. Also, even if‘plenum temperature is
well characterized by knowing external system conditions, comparisons

are confounded by unknown differences between predicted and actual

plenum void volume changes.. Another factor affecting pressure results

is that fuel stack volume changes resulting from mechanical deformation
are not considered by the model, nor are gas absorption or evolution by

mechanisms other than temperature dependent release.

Sample size has been expanded for rod internal pressure measure-
ments. Relative agreement between early life data and calculated
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pressure is evaluated separately in order to benchmark the fuel heatup
effect on void volume and gas temperature. Basic gas volume and temper-
ature response at startup initially establishes the rod operating
pressure. . Interpretation of higher burnup comparisons reflects additional
dependénce of the results on performance of the gas release model.

~Figure 41 shows measured versus predicted rod internal pressure for
all of the data considered. The results are scattered since the effects
of heatup alone on gas volume and temperature should be separated from
the effects of prepressurization and gas release on the amount of gas
considered by the model. Darkening symbols reflecting heatup

[10,31-37,56,63] reveal the general trend that operating preSsure is

only
better characterized by the model at beginning-of-life, regardless of
fi11 gas pressure. Importance of active length void .volume and tempera-
ture assumptions used by FRAP-S2 is better illustrated in Figure 42,
which shows relative model agreement versus plenum volume fraction for
the heatup data. Increasing sensitivity of relative model agreement is
observed as the plenum volume fraction decreases, i.e., as the model
result Becomes more governed by the active length contribution to
temperature-to-volume ratio terms in the ideal gas law. This sensitivity
indicates relatively strong pressure effects due to gas void volume and
temperature assumptions for rods in the commercial design range between

5 and 10%.

As shown in Figure 43, relative agreement for burnup data versus
irradiation time shows more tendency'to overpredict pressure for rods
with plenums and underpredict pressure for rods without plenums (dark-
ened symbols). The plenum rod results are dominated by overprediction
of fuel temperature and gas release for unpressurized designs. Calcu-
lated release of large amounts of gas during periodic high power opera-
tion is responsible for the highest overpredictions. Limited data
beyond 11,000 hours of operation indicates that the instantaneous
re]eaée model (i.e., solely dependent on temperature) is better applied
at higher burnup. This observation, based on pressure comparisons, is
consistent with gas release trends discussed earlier. Comparison
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Fig. 41 Measured versus predicted‘ rod internal préssure - summary results.
results for rods without plenums show the expected influence (underpre-
diction of pressure) of applying the relatively low fuel surface tempera-

ture value to active length void volumes.

" 3.3 Rod Deformation Model

Various comparisons were performed to determine capabi]ify of
FRAP-S2 in account for steady state fuel and cladding deformation.
Previous results from high burnup Standard Design runs[3] indicated that
representing fuel thermal expansion in the current model accounts for
much of the throughFlife volume change in full-size rods. Other Standard
Design results have shown that PCMI and creep deformation of the cladding
have strong influence on gap size at initiation of a transient. Fuel
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Fig. 42 Relative rod internal pressure model agreement versus plenum
volume fraction - heatup data.

thermal expansion results are shown first, followed by discussion of
fuel permanent deformation and then cladding axial and circumferential
strain.

3.3.1 Fuel Stack Thermal Expansion. Figure 44 shows measured

versus predicted fuel stack axial expansion relative to the cladding
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Fig. 43 Relative rod internal pressure model agreement versus maximum
irradiation time. , .
during startup power ramps for 6‘dished and 2 flat pellet rods[1]’42’48’49].
For dished and flat pellet rods the governing temperature for predicted
axial expansion is set respective]y'at the fuel shoulder and centerline.
Thermal expansion is better represented by the model below about 0.3%.,
ji.e., at relatively low power levels when PCMI is less likely to affect
the data. Beyond this point, axial expansion is overpredicted since the
often observed mechanism of nonuniform gap closure at relatively Tow
power is not predicted by the annular gap model in FRAP-S2. Since the
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Fig. 44 Measured versus predicted fuel axial elongation - heatup data.

instruments in these cases monitor fuel expansion relative to the
cladding, the data affected by PCMI show a decreasing fuel expansion
rate and an increasing cladding expansion rate after the onset of gap
closure. Lack of fit in gap closure mechanics obscufed quantitative
trends ih relative model agreement with respect to rod design or
validity of the governing temperature assumption for dished or flat
pellet designs. Larger expansion is both measured and predicted for the
undished fuel. |

’

3.3.2 ‘Fuel Stack Permanent Deformation. The main burnup effects

contributing to permanent stack volume changes are some combination of
swelling, densification, and creep/hot pressing. The latter two mechanisms
can compete with swelling until the extent of their influence decreases
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due to satqrationi of porosity and stress accommodation in the fuel.

FRAP-S1 had a swelling model but did not include fuel mechanical deforma-

.tion or densification models.

FRAP-S2 has both fuel swelling and densifi-

cation but no mechanical deformation model.

Figure 45 compares measured and predicted permanent fuel stack

length changes[]8a50,53,54,57,59].
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[54,57] intended to investigate the magnitude of fuel densifi-

experiments
cation and thermal stability effects on axial gap formation. In these
cases, operating conditions and rod design were chosen to minimize
influence of PCMI on experiment results. Few rods had high enough
burnup to result in enough fuel swelling to produce net positive length

changes.

-The model result is seen to be somewhat more consistent with those
measurements corresponding to its own densification data base[57]
(darkened symbols). At least some stack shortening then, is a]Ways
predicted to occur using the nominal model which is based on sintering
temperature, fuel density, and irradiation time. For other experiments
where PCMI was actually observed[so] or was more likely to have
occurred[]8’53’59] due to differences in gap size and power history,
stack 1ength change is underestimated. This coincidence indicates that
at least some amount of stack shorfening is dependent on stress in
addition to irradiation induced densification. This fact is illustrated
when relative model agreement is plotted versus gap size in Figure 46.
With increasing gap, the relative number of individual rod comparison
points below the reference line suggests that there is additional
tendency for stack shortening to be underpredicted. This observation is
consistent with less applicability of the uniform gap closure model as
gap dimension increases. Since the correspondence between stack axial .
Tength change and fuel density change is not treated by the mode];
direct densification measurements available for two other
experiments[38’52] have not been compared with code predictions.

3.3.3 - Cladding Deformation. It has not been well established how
prior cladding deformation affects high temperature transient perfor-

mance. Some rod bowing was seen in early fuel désigns under normal
operation where inadequate assembly clearance was provided. For test
rods, maximum total and permanent cladding axja] elongation beyond
thermal expansion is typically very small, (respectively less than 0.5
and 0.2%) with considerable slip evident during mechanical interaction.
It is also observed that stack shortening is a competing mechanism when
gap closure during power increase results in.axial compression of fuel.
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In the more limitingAhoop direction, strain concentration in rods which
have been power cycled under normal conditions without adequate break-in
has been observed to increase failure probability from nonuniform

[67]

some interaction failures apparently involve other mechanisms of the

mechanical interaction. Based on uniform mechanial considerations

stress corrosion type. Where rods experience extended operation without
long-term tensile.stresses from local gap closure, permanent decreases
in diameter occur from compressive creep strain.

It is desirable for FRAP-S to be able to characterize initial gap
size for transients from the standpoint of gap heat transfer, mechanical
interaction, and gas flow. Cladding deformation input to the transient
code accounting for prior strain hardening or accumulation of mechanical
damage may also be needed in subsequent code versions. The efficiency
with which high temperature annealing can consolidate mechanical
properties under accident conditions for rods with prior operation is
not well known.

(1) Cladding Axial Strain. The two main contributors to
permanent cladding axial deformation are PCMI and irradiation induced

growth. PCMI is the dominant mechanism when it occurs. Correlation
data[4] indicate that irradiation normally causes rod ]ength changes
less than 0.05%. Instrumented rod elongation data suggests that
ratchetting preferentially occurs at startup or when prior heat rating
is exceeded.

Figure 47 compares measured and predicted permanent length change
for zircaloy clad rods. The figure shows that there is no measurement
greater than 0.5% even though experiment conditions span ‘a range from
Tow fuel temperature to observed central melting. Predicted elongation
is normally observed to be very small, in the narrow range between 0 and
+0.025%. A much larger range of elongations are calculated for a few
cases however. These cases correspond to rods with small gaps (<0.5%)
and/or high enough fuel temperatures to finally result in calculated
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Fig. 47 Measured versus predicted permanent claddmg elongation -
summary results.

PCMI. It is the extent of mechanical interaction then which is under-
estimated by the annular qa’b closure model for rods in the small
prediction range near zero. ' '

As shown in Figure 48 by the distribution of points above the
reference line, PCMI effects are overpredicted by the model for gap
sizes <0.5%. Otherwise, axial strain was more frequently underestimated
with increasing gap size, the exceptions corresponding to fuel tempera-
tures above 2000°C (darkened). This is not an unexpected trend given
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that relative error introduced by the annular gap closure model would
increase as gap size went in the direction of allowing more space for
nonuniform fuel relocation to occur.

Figure 49 suggests that in the axial direction, gap closure rather
than fuel temperature or lack of fuel mechanical deformation hasimore
influence on the relative model agreement. The tendency of the model to
underpredict PCMI continues to be evident, even to some extent bgyond
2000°C. If gap closure were calculated in this temperature rangé,
cladding strain would be overpredicted due to coincidence of high
thermal expansion and lack of modeling fuel mechanical deformation. The
few cases for which cladding strain is overpredicted are in fact
observed in Figure 49 to correspond with rods having gap sizes <0.5%
(darkened) or rods with fuel temperature >2000°C. TheAmode1, in other
words, underpredicts the extent of gap closure, but once calculated,
overpredicts the consequences of gap closure. The effect of large fuel
‘thermal expansion on the cladding strain is not appreciably moderated by
deformation of the fuel imposed by cladding restraint.

(2) Cladding Circumferential Strain. Many permanent hoop

strain data comparisons were performed using FRAP-S2. The source for
most of the data is postirradiation exam. Comparing instrumented rod
data between strain-gauges mounted over pellet midplanes and interfaces
shows strong localization of mechanical effects leading to ridge forma-
tion at the interfaces. The model, on the other hand, treats each axial
interval of active length uniformly. Al1 the difference between
calculated hoop strain then at various elevations is attributable to
axial power distribution and not fuel relocation. As such, the model is
more representative of average cladding deformation associated with
pellet midplane locations.

Figure 50 shows measured versus predicted permanent cladding hoop
strain for zircaloy rods. Again, wide variation in experiment condi-
tions is responsible for occurrence of a range of measurements between
-1 and +6.5%. Negative strain measurements correspond to relative lack
of extended PCMI and dominance of compressive creep mechanisms. Strain
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data between -0.5 and +0.5% tend to indicate competition between creep
and mechanical interaction. Deformations larger than +0.5% mainly
~correspond to high power experiments where consequences of hard gap
closure tend to dominate the measurements.

Comparison points in quadrant III show some trend towards under-
predicting cladding creepdown. This behavior is expected given the
prévious]y identified overprediction of rod internal pressure for rods
with low helium backfill and the relatively low creep rates used by
FRAP-S2. Comparison points in quadrant I, or those points lying along '
both positive axes, show that the model can either underestimate or
overestimate cladding tensile hoop strain. This behavior is consistent
with prior axial elongation results, but more scattered due to more
direct influence of PCMI assumptions on calculated hoop strain. Under-
predictions again seem attributable to lack of fit in annular gap
closure mechanics. This point is shown in Figure 51 by the overall
distribution of relative model agreement versus gap size. With
increasing gap size, circumferential strain is underpredicted more
often, the exceptions being rods with fuel temperature >2000°C (darkened
symBo]s). Again, the gap trend follows from coexistence of lack of fuel
relocation models and increasing influence of fuel re]ocationAeffeqts.on
the data as gaps get larger. Overprediction.of cladding hoop strain is
shown in Figure 52 to be associated with those fuel temperatures in
excess of 1800 to 2000°C. For these cases, lack of fuel mechanical
deformation in the model again has the effect of limiting calculational
accuracy at temperatures associated with fuel plasticity. Once gap '
closure is calculéted to occur, the result of a nondeformable pellet
model is the observed coincidence of strain overprediction and high fuel
temperature. This is not felt to be a severe modeling limitation under
normal operating conditions when most of the core experiences fuel
temperature <1500°C, low contact pressures, and neqative cladding strain.

3.4 Cladding Surface andlImpuri;y Effects

Data comparisons were made to determine ability of FRAP-S2 to
predict buildup of cladding surface corrosion and associated hydrogen
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concentration. There is currently no communication of these outputs to
the transient model, although such a coupling may be necessary. The
actual. effects of these initial conditions on high temperature cladding
reaction rates, mechanica]Aproperties, and deformation are among the
subjects of current experimental programs.

3.4.1 Corrosion. The metal water reaction rates predicted by
FRAP-T2 are sensitive to initial oxide thickness when the reaction
commences. at high LOCA temperatures. The current FRAP-T2 model uses a
constant initial oxide thickness which is not affected by the initial
surface condition output from FRAP-S2. Many of the rods affected by
accidents will have accumulated varying amounts of corrosion over long-
term operation, prior to the transient however. It is relevant then to
evaluate mode]1 capabi]ity in this area. - ‘

: \

The corrosion;mechénism itselt is'affected'by ¢ladding surface
temperature and radiolytic decomposition of the coolant. Differences in
system temperature and chemistry conditions are such that the suggeéted
corrosion rate acceleration factor for. BWR and PWR conditions is,
‘respectively, 10 and 3[]]. _This factor is intended to account for
variation in corrosion behavior observed between the in-pile and vul-uf-
pile tést[4J.

Figure 53 shows measured versus predicted cladding surface corrosion
for two sets of experiment conditions. Bar-figures on the predictions
account for variation due to undocumented surface treatment effects
which typically result in an as-built corrosion layer thickness between
0 and 0.1 mil. Both measured and predicted ranges show strong combined
influence of cladding temperature and reactor system environment.

Perhaps the largest statistical variation in the data is due to grid-
. induced flow patterns not considered by the model.

Low value predictions correspond to rods tested in a low pressure
(460 psia) HBWR system. Moderate and high value predictions relate-to
moderate and high power irradiation in a high pressure (2200 psia) PWR
system. Low temperature data is generally underpredicted by the model,
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as is the case for the moderate power PWR rods with predicted corrosion
thickness less than 0.4 mil. Corrosion for high power PWR rods gerierally
seems better represented by the model, the predictions in these cases
being greater than 0.5 mil.

_ The influence of temperature on accuracy of the corrosion model is
shown somewhat more clearly in Figure 54 by the trend of mean relative
agreement versus maximum steady state cladding temperature. The number
of comparison points above and below the reference line for different
temperature intervals indicate that the current irradiation enhancement
factors (BWR 10, PWR 3) seem better applied at cladding temperatures
above 350°C. More recent MATPRO deve]opment[68] has begun to identify
more detailed aspects of corrosion kinetics and temperature dependence -
of the associated irradiation effect.

3.4.2 Hydroggn Pickdp. Pickup and diffusion of hydrogen occurs

through the cladding wall as a by-product of the oxidation process.
Orientation of zirconium hydride platelets seems to have more influence
on cladding mechanical properties than overall hydrogen concentration
below about 200 PPM. Rods operated under normal conditions with
internal hydrogen contamination problems show areas of high concentra-
tion (>600 PPM) and degraded mechanical properties near the fai]ures[Z]].
Normally, internal sources of hydrogen do not raise the as-fabricated
hydrogen content to limiting.levels. For accident behavior however, the
impact of as much as ‘300 PPM hydrogen content in high burnup c]adding
may influence mechanical properties. Current understanding of the
disposition and effect of accumulated chemical impurities on the
behavior of zircaloy at high'temperature is not conclusive. Initial
hydrogen concentration may reduce max imum ballooning for some rods
through a loss of ductility.

Figure 55 shows measured versus predicted cladding hydrogen
concentration for the same set of rods used for corrosion data cdmpari-
sons. With the exception of rods contaminated with water or hydro-
carbons, surface corrosion is the main source of hydrogen pickup by the
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summary results.

cladding. It is not unexpected then that observations made with respect
to corrosion results can be applied to hydrogen concentration. In this
case, bar symbols are intended to allow for up to 30 PPM hydrogen
content in the as-built condition. Trends in the distribution of -
results can again be related to system conditions and cladding temper-
ature. Figure 56 shows that the mean relative mode1 agreement tends to
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be below the reference line for the lower temperature data and above the
reference line for the higher temperature data. - This overall trend is
consistent with previously discussed corrosion results.
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