WAPD-TM-1300

ERDA Research and Development Report

The CYGRO-4 Fuel Rod Analysis Computer Program
(LWBR/AWBA Development Program)

J. B. Newman
J. F. Giovengo
L. P. Comden

Bettis Atomic Power Laboratory
West Mifflin, Pennsylvania 15122

July 1977

Prepared for the

U.S. Energy Research

and Development Administration

By Westinghouse Electric Corporation
Under Contract No. EY-76-C-11-0014

MASTER

OISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



.

THE CYGRO-4 FUEL ROD ANALYSIS COMPUTER PROGRAM

(LWBR/AWBA DEVELOPMENT PROGRAM)

J. B. Newman
J. F. Giovengo
L. P, Comden

Contract No. EY-76-C-11-0014
July, 1977

NOTE

WAPD -TM-1300

This document is an interim memorandum prepared primarily for internal

reference and does not represent a final expression of the opinion of Westinghouse.
When this memorandum is distributed externally, it is with the express under-
standing that Westinghouse makes no representation as to completeness,

accuracy, or usability of information contained therein.

Printed in the United States of America
Available from the
National Technical Information Service
U. S. Department of Commerce
5285 Port Royal Road
Springfield, Virginia 22151

BETTIS ATOMIC POWER -LABORATORY

- — NOTICE —
This report was prepared "as an sccount of work
sponsored by the United States Government. Neither

the United States nor the United States Energy
Resewl aid Developmont Administratinn, nns anv of
their  employees, nor any of their contractors,
by or their pl , makes any
warrunty, express of implied, or awumes any lega)
tiabllity or »ousibility for the Y \!
or useful of any tnf i product or
process disclosed, or represents that jts use would not
infringe privately owned rights.

WEST MIFFLIN, PENNSYLVANIA 15122

Operated for the U.S. Energy Research and Development Administration

By
. WEST INGHOUSE ELECTRIC CORPORATION

‘DISTRIBUfION OF THIS DOCUMENT [S UNLIMITE

i
|



WAPD-TM-1300

NOTICE

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States, nor the United States Energy Research
and Deve lopment Administration nor any of their employees, nor any of their
contractors, subcontractors, or their employeés, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately owned
rights.



had

iii WAPD-TM-1300

THE CYGRO-4 FUEL ROD ANALYSIS COMPUTER
PROGRAM (IWBR/AWBA DEVE LOPMENT PROGRAM

J.. B. Newman, J. F. Giovengo, and L. P. Comden

Table of Contents Page

Abstract ........... e veeaenaan e cesreee e ees e ) iv

I. Introduction .......... et s e.tseates et cee s nesan, 1

II. Tempera ture Calculations ....... Ge st ettt e e . 4

III. Fuel Cracking .............. '; ........... R KR T TR FPPI. ¢

1v. Fuel-Clad-and Rod -Support Iétetaction .....l... ...... eo.. 36

V. . Fuel Densification ....................:.!......~ ...... oo 52

"VI.  Time Step Limits T . 54

VII.. Input cece-coe- e et eses ......; ....... . e 69
A. Data for Program Control, Fuel Rod | '.

Geome try and Material Prpperties ........ B it

B. Reactor Operating Data ........ ettt sttt - 90

C. Output Provided to Facilitate Verification
Of InPuUL . uivrinneon toneerononnsnesssosonsssnsnes coes 92

VIII. Results of Compulations ......coeusenoeusiiersvcsnsnnnoas 93
Appendix I. Creep Rate Representafion et ee e ... 102
Appendix II. Sample Problem ......cce.veeviveeroneaness.. 106
Appendix III. Computer Program Abstract ................ 121

REFCTEICES .. v een s onneocesoconnesonnennsennnannsnnnnosne. 127



iv o WAPD -TM-1300

THE CYGRO-4 FUEL ROD ANALYSIS COMPUTER
PROGRAM (IWBR/AWBA DEVELOPMENT PROGRAM)

J. B. Newman
J. F. Giovengo

L., P. Comden
Abstract
The CYGRO-4 computer program is an advanced version of the CYGRO

program for the analysis of axisymmetric deformations of the cross-section

| of an oxide fueled rod-type fuel element. CYGRO-4, which replaces the CYGRO-3
program, incorporates improved numerical methods, improved time step control,
a new fuel-clad and rod-support interaction model, a new thermal conductivity
model for the fuel-clad gap, and a new fuel crécking, crack deformation and

crack healing model.
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0uei-THECYGRO-4 FUEL ROD ANALYSIS- COMPUTER .
PROGRAM (IWBR/AWBA DEVELOPMENT PROGRAM)

J. B, *Newman °
J. F. Giovengo
L. P. Comden
I. Introduction ~
This memorandum documen'ts development of the CYGRO-4 finite element
computer program for the analysis of axisymmetric deformations of the cross-—

L ial b o D T o S R Y S
section of an oxide  fueled rod-type fuel element.’' CYGRO-4 is a production

« Ve rey 7

prograh‘ag%éfopéh"ffoﬁ the CYGRO-1, CYGRO-2 and CY@R023iéeiiés’6f*fdéi rod
analysislpfégraﬁgr*;'ItLWAé1dé%iveax}%55‘CYGR043 by ﬁhé”Ihtlﬁs%gﬁ;sziﬁpézéed“
numerical methods, improved programming procedures and revised physical.- .=
models aimed at improving accuracy and reliability for the analysis of

Light Water. Breeder Reactor (IWBR)-Projectiand.Advanced :Water: Breeder .- .
Application (AWBA).Project fuel:-elements~. Significant developments include. -
time step control based on:accuracy-considerations,.a new;.fuel-clad and.rod=."
support interaction.model, a new-thermal conductivity model for the fuel- .-
clad gap, and.a new fuel cracking, crack deformation and crack, healingr --

mode 1.

Input;{o:CXGRO-A~is,diyided”ingo”twoﬁpartsg: rod datarand .-

operating histoxry.. Ihe;rgd_daga;qomprisegall.quanxgpiesﬂngededpto

* Referenéesgfi),'(i); (3)§'iﬁd'(2)f
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characterize the geometry and physical properties of the fod, including
such information as clad diameter and thi.ch"lesﬂs, fuel diameter, and fuel
and clad thermal conductivities, thermal efma.n‘.sion properties, creep
behavior a.nd ‘respons'e‘,t_o the _reac‘bor environment. The 'oper:e}'t;.i.n:g histqrsr
cons»ist_sA of the rﬁeasured, .or, predicted, values of coolant pressure,
coolant tempera'bure? réaptor power level, and the relevar_;t rala:tj.onshipo
between power_vleve;l., i‘issicm rate aﬁd pentmn fj,;,1.}r. The program compubco
the Acorre_spgnd:i__r_lg_h‘i'story;of. :r"od tergperatu.re, d:j.mensiopa_l chépgeé, and '

stresses. . .

Temperature computations assume thermal equilibrium. ' The tems
perature distribution is thus a function- of current reactor power level, -
gamma heating and nuclear self shielding; -and the thermal conductivities
of fuel, élad, tuel-clad gap and rod-coolant interface. Fuel conductivity-
18 calceulated from the input data as 'a function of the current, local -
temperature, porosity and cracking. Gap conductivity depends on gap
size, thermal radiation, conduction at points of fuel-clad cantact,
and the condupfivity of the fluid in the gap. -This conductivity de-"

pends on composition;on temperature,and - where appropriate - on pressure.’

Deformation of the fuel and clad, the stresses Ain them, and theA
forces of interaction between fuel and cladv and rod and supporf are
computed from a .Large Deflection Finite Element model incorporating
representations for thermo-elasticity, creep resulting from thermally
activated mechanisms or mechanisms associated with bombardment by high

energy particles, fuel swelling and densification, clad growth




3 WAPD-TM- 1300

resulting from neutron bombardment, and fuel cracking and crack healing.
In keeping with the Finite Element representation,. the program accounts
for the effects of spatial - 'as well as temporal ~. variation of tem-
perature, stress, strain, cracking, and densification. This is an

important. feature of CYGRO-14.

Another important feature of CYGRO-4 is. the comprehensive. model
for fuel-clad and rod-support interaction. In addition to interacting
by radial stresses, the fuel and clad can interact through axial forces.
Puel and clad axjal strain rates may be the same or different depend-
ing on fuel-clad gap size, the direction and magn%tude of the axial-
interaction force, and the effects of pellet: "hourglassing," eccentric
pellets,; lodged chips, and clad collapse, where the effects are relevant.
Similarly, the rod axial strain rate may be the same as, or different
from, the rate of support extension. Relative motion between rod %pq |
support depends on the magnitude of the axial interaction force and the
foroe needed for slippage. The support extension includes the effects
of flexdibility and thermal expansion, -as well as user input exlension.
as might arise, perhaps, from the representation of support extension
associated‘with neutron flux induced growth. The comprehensive form of
the fuel-clad and rod-support interaction model is particularly impor-
tant in the correct representation. of rod behavior in response to reactor

power changes such as those encountered in ''peak load following' operation.-
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Throughout the work on CYGRO-4 the fundamenfal objective has
been the development of a reliable, accurate production program. For
this reason +the changes have been of an evolutionary .character, and
comparativelv little effort has been expended in.developing new
mathematical models. In fact, changes in mathematical modeling were
undertaken only when the results of analyses demonstrated that the changes
were‘needed. The cumulative effect of the changes discussed in this
memorandum has been to increase the reliability of the program-anq
td decfeaée ifé Sensitiﬁity to small éhanges iﬂkinpuf data &hile provid;

ing a subéfantially improved representation of physical processes,

IT. Temperature Calculations .

The major phenomena of fuel and cladding mechanical behavior are
strong functions of temperature. ' For this reason reliable fuel element
modeling depends on an acdcurate knowledge of the température distribu-
tion throughout the element: In CYGRO-1, CYGRO~-2 and CYGR0-3 (References 1,
3, and 4) the thermal conductivity of the fuel and of the fuel-clad
gap were expressed in a simple, piecewise-linear form, and the coef-
ficients in these expressions were adjusted-to achieve temperatures that
aprroximated those computed by the FIGRO computer program (Beferences 5,

6 and 7). Unfortunately, close approximation.to FTGRO was diffic;lt

to achieve for any given time in life, and the heat conduction and heat

_trans fer models in the earlier versions of CYGRO were too restrictive

to allow satisfying agreement with FIGRO at more than a few widely

spaced times. Moreover, the procedure of using CYGRO and FIGRO

in parallel proved to be time consuming and cumbersome.
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For these reasons, it seemed profitable ﬁo modify CYGRO-3 to in-
corporate the thermal conductivity model from FIGRO so that CYGRO-4 would
embody the best available models. This wouid allow accurate analyses
to be performed with CYGRO-4 without having to rely oﬁ FIGRO t§ provide
the temperature modeling. In the course of this chahge-other changes
were made as well. These have resulted in the accurate and adaptable
procedure which is the subject of this sectionf The material in this
section progresses from an analysis of thé température distributien
in an anmnmulus through a discussioh of:the thermal conductivities of
fuel and cladding to a discussion of the thermal conductance of the fuel-
clad gap and the effect of oxidation on the conductivity of'the clad-

ding

<r s.rn. Writing

Consider an annulus occupying the region ry

Qv for the volume averaged heat generation rate,: the total rate of heat
. . 2 e s : ' .

generation is q = nQv(rn - ri) per unit length. When there is heat

generation q, per unit length in the cylindrical region O sr < rl,

the total heat generation per unit lerigth in the region 0O <r < r .is

- 2 2
aQ=9q,+a=q  + nQv(rn - rl).

Calculation of the temperature distribution requires knowledge
of the power distribution. When it is known that the relative power

distribution, p(r), satisfies the relations
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(-)

Limit p(r) = p,

rr ;o <rg 1
and

Limit = p(r) = pi(+)

r—)ri; r > ri
the volumetric heating rate in the annulus Ty Sr s L., Can be . approxi=
mated by

yl{:) (1 il g-,-r‘)+p( =) (r»_rk)
QUr) ~ O ) —RQ, .. . (11.1)
K+1 k ’

where R is a factor of proportionality to be obtained from (II.7)-

of this analysis.
'he heat generated in the annulus r, ST < T K= l,...,(n=1)
is given hy

2 K+ll‘-
q = I ‘rr Q(r)r dr db

> Im AR C S I SR
~ 2R -r dr . (II.2)
QV r ' (rh+1 - rx)
This is equivalent to
~ e, Be ) v g pmil @)

where A L and B& are given by
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A, = % (v, = vy q) (g g + 2r) S (II.Y)
By=5(ryy -1y (2, +r,) (11.5)

with the understanding that A1 = Bn = 0. 1In this notation; the total

heat generated in the annulus r. € r < r. is

1.

q = nil qQ, = nﬁQ g [Akp (;) + B.p (+)] | (11.6)
el 50 Vel EE ok T

per unit length. This expression determines the valpé of R in terms

of the r (+) and pi'). For the specified volumetric average heat

hd e - C v

generation rate, QV, is attained when

2 2 ‘
I'n - I'l . .
R = . (11.7)

2 (=) (+)
Kfl EAKPK + BKPK * ]

The temperature satisfies the différential equation
- 2 _ alx)
C(T) o= 2o 7. (II.8)

where C(T) is the temperature dependent.thermal conductivity and a(r)
is the heat energy per unit length flowing through the surface r = constant.

When T(r) is approximated as a piecewise linear function of r by

Tlfyq - 2) + T 4 (r-71)
(r - — ) H rK Sr < rK+1
k4l k

T a (I1.9)
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Equation (II.8) can be reduced to the approximate form

T, + T, -T) -a@3lr +r ]) ' |
K K X+l
( > (rx 1 - )T onlp v ) (11.10)

in which the partial derivative of T at r = 5(r

|  t rK'+1)~ is approximated
by the derivative of (II.9) and the value of T is approximated by

1 Lo
E(Tl{ + TK.+1)’

The most efficiént computational procedure results when (II.10)

is rearranged to thé form =~ -

Q(z[r +r lj)

T =T n "@WK l‘ﬁ 3 (Ir.11) . .
in which . - \
(x -r,) : : o '

D, = (rml ol : o (II.12)
kel *

1 and the known data once Tk 1

has been determined from TK 5 Or the boundz‘a_ry conditions. Consequently,

In this form, T is determined from T

the nonlinear differential equation (II.8) is solved as a sequence

of nonlinear equations (II.11) ‘involving: a sihgle: unknown quantity.. -

In ovaluating the right hand side of (II.11), <:1-(=i,-4[rK 4 rKA_l]-)' L

can be expressed as
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Substitution into this from Equation (II.1l) gives

(-) +) (=)
q(;%[r.k + r‘kbl:!) & nQ, R { jfl ,(Aj P + Bj P; ) +_Ak N .. .
. e ( (II.13).
o By Ot ey Gt DN g
Returning to (II.11l), definition of
F,= = (7r, +2r,.) (z -r )2/(r +r ) (1I.14)
k- 12 Tk b1’ ikl T Tk Wl Tk "
and ‘
6 = = (2r, +r1,,,) ( -r )2/(r ot r) (I1.45)
k ~ 12 k kt+l k+1 k ktl k )
and use of (II.13) produces the expression . ' S
D k-1
K (=) + (-)
=T .+ . + £ @ P/ 4+, p +4A, P'7/Q
Tk kt+1 C(%[Tk + Tld‘lj) [qo =1 J ] J ] )QV‘ c ok ke v_:.|-,;l°
Q (I1.16)
(+) +C P(_)) P S S

Vv
*CGIT, + T, D (F Py k Tictl
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+ - (-
where P(+) é )and P< ) = R£ ) In thls computatlonally efficient

form, A 2.2 L’ Dk F and G are Known from the initial values of the rK

the P(+) and P( -) are known- from the power dlstrlbutlon, and the values
of QV and q, are determ¢ned by the reactor operatlng state Thus, the

D

AL’ B{l’ K,

for use at all times.

EK and QK can be computed from the input data and stored

The p( ) and p ( ) are’ spe01f1ed for certain tlmes t = tl t2,...,

%m. Ihus, the input consists<of3a set of quantities

5(+)  5(-)

Kt’ pKf,‘ kK = l,---’ n;‘e‘=1""’m

TheSe are normalized by use of the relaiionr?ii) = (a)to obtain a

set of‘quantities S -

?ﬁ‘g) = 5&) R, | (II.17a)
and 4
?l({z) = ‘f{l) R, (IT.17Db)
with 2.2
R, = n 1 (11,18)

z z B + B
in correspondence with (II.7). Temperature calculaﬁions then proceed

Y
using (IT.16) where Pia) is understood to be the value

B (e, -0+ B ) (8- 1)

- CRETA R (II.19)

Pl({a)
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and (a) is (+) or (-) as appropriate. In practice, pé+) = pi’) for
all k except at a possible single discontinuity at the interface be-
tween fuel regions.
The fuel thermal conductivity Cf(T) defined by the relation (II.8)

is the same as that used in FIGRO (Reference 6):

(1-p)/Q1 + Bp)
Cf(T) T A+ BTp+ (C+BF)§T- :

(I1.20)

In this expression, p is the porosity, T is the absolute temperature,
F is the net depletion in fissions per cubic centimeter and the quantities
By A, B, C, and D are input quantities chosen to represent the experimentally
determined conductivity.
The clad thermal conductivity CC(T) defined by (II.8) is expressed
as the piecewise linear function
(T - TK)C(‘I'K+1) + (Tml - 'I‘)C(TK)

C(T) = s T <D sT . (II.21)
¢ Tk+l - ?k TK F+1" '

In this expression the C(Ti) are the experimentally determined conductivities

at the tabulation temperatures Ti.

As in FIGRO (Reference 6) the temperature drop across the fuel-

clad gap or interface is given by

T

r - T

= > . (11.22)
cTm hg(rf + réy -
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In this expression, Tf is the'témperature at the outer surface of the
fuel, T, is the temperature at the immer .surface of the clad, re is
the outer radius of the fuel, r, is the inner radius of the clad, and q

c

is the heat generation rate. The gap heat transfer coefficient is given

by o \

h - L L (I1.23)

g -1
(hs + hr + hf) + p

oxide

The conduction thréugh points of contact between the solids is given

,by
2Cc.C P
f c c .
h, = . : (IT.24) -
<) C +C 1 2 2 %
f cag HE§(Rf + Rc)]
Here Cf‘ié the fuel thermal conductivity, Cé is the clad thermal

conductivity, Pc is the contact pressure, ag is an empirical constant
which determines the mean radius of contact spots, Rf and Ré are the
arithmetic mean roughness heights of the fuel and clad surfaces, and H

is the Meyer hardness of the softer solid.

In (II.23) heat transfer by radiation is represented by

0 G(Tg - Ti)
h = —=S : (II.25)
r ' Tf - Tc
In this expression, F, , is given by
H
5= L , (II.26)

r

1,2~ 1 £
R ot G - e F (/e - )

3
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while ¢ is the Stefan-Boltzman constant, e, and ey are the fuel and

f

clad emissivifies, and F is a geometric factor whose value is 1.0

1,2
for infinite parallel plates.

In (Ii.23) the conduction coefficient far the gas layer, h.,

accounts for the effects of initial fill gases, fission gases and volatile

gases ’c;hat accummulate in the fuel—clad gap. This coefficient is given

by

mix

f Q[R1+R2ﬁ_f+g+r‘c-rf

h (I1.27)
where Q[Rl + R2] is the effective gap thickmess caused by surface rough-
ness, g is the "temperature Jjump distance'" for the gas in the inter-
face, Kmix is ‘the thermal conductivity of the gas mixture in the gap

at the average interface temperature, and (r-C - rp) is the nominal gap
size. The dimensionless coefficient Q is assigned the value Q = 1.0

when the radial gap is greater than 0.0005 inch and @ = 2.75 - 1.758 x 10~

. for gaps smaller than 0.0005 inch,

In (II.27) the thermal conductivities of the component gases are

" taken to be of the form

kK. = a, T (IT.28)

with a; and n, chosen to represent the relevant experimental data.

The conductivity of a mixture of gases is then given in terms of the Ki’

M

P
¢
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the relative mole fractions, x:.'L, and the molecular weights, Mi, by

1/3
S . (II.29)

T. x. M,
i T4 T4

K . =
mix . X, M.l/3
i "1 i

. :Upon distinguishing between the initial fill gas and the gases

resulting from.released volatiles and fission, this expression can he

written in the form K_. = =< . This leads to a reduction of the

mix ~ b+ o °

jump distance expression for (II.27) from the form

1 [ P
g =g |(g,, - 8)K . + (K.g -Kg. )is =
ng_Ki fg i/ mix fg-i i~fg P'Tr

to the more tractible form

- bng + dg, fﬁ.’l.‘_ (17.30)
€="p+d P T, : .

Here, b ='{Z‘xi Mil/j} and d ={E % M.1
i Jfission gases i T Jinitial £ill
while 84 and gfg are the "jump distances" for initial fill gas and

fission gases, respectively. The reference temperature is 'r‘r and the

reference pressure is Pr.' The pressure is given by the ideal gas law
P = nRT/V (11.31)

in which n is the total number of moles of gas, R is the universal gas
constant, and V is the Avoluine composed ‘of the plenum volume plus the

volume of the fuel-clad gap. The total number of moles of gas represents
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the sum of the number of moles of fill gas, the number of moles of helium
resulting from ternary fissions, the number of moles of other fission
gases, and the number of moles of volatile compounds released from the
fuel. The helium resulting from ternary fissions is determined as the
product of the net depletion (the number -of fissions), the number of
atoms of helium per fission event, and the fraction of -the heliim re-
leased from the fuel matrix. The population of other fission gases
depends on the net depletion, the fraction of fission gas released, and
the observed composition of fission gases. The volatile gas releaséd

from the fuel is determined by outgassing tests.

‘The volume of the plenum plus the volume of the fuel-clad gap
is calculated as

V=V + n&(rf + rc)Erc -r_ + 1.2(Rf + Rc)j . (I1.3%2)

plen f

This is used in (II.31) to relate the temperature and pressure of the

gas.

When there is a perforation in the cladding of the fuel element,
the fill gas and any fission‘gaé will vent into the coolant and water
will enter the rod. As a result, the fuel-clad gap will be filled by
water when the reactor is at very low power and the rod is at low tem-
perature and by steam when the reactor is operating at any but the lowest
power level. For this ieason, adequate analysis of defected rods requires

a representation for the conductivity of steam to replace the gas con-

ductivity representation (II.29) and the "jump distance" representation
(I1.30). Since the fluid inside a defected rod will be at essentially

the pressure of the reactor coolant, the rod will be filled with
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toRefereénce (8), this representation is accurate within + 6 percent

over the range of from boiling to 700°C and pressures from atmospheric

to 2500 psi (175 bar). No accuracy indications a._r'é given for temperatures

above 700°C. However, since steam approaches a.n ideal gas at these

temperatures, satisfactory results are to be.expedted. Unfortunately,

there is very little data for tempefatures above 700°C to serve as a

standard for comparison. |
The density of steam, p{, expressed in 1bm/ft3‘, ‘is'.'giv'en.ii'r

terms of 'te'm'pera.ture, Tl:'{, in Kelvin and preé.sure y AP, in atm'o'spHéfeQ by -~

the expression (Reference 9)

. . fhk.5550% T L _
/ey = 0.0160185 \ ——F—= + B’ , ' (IT.34)
where B is giw}en Aby'
‘ - BP B§P2 o '
B =Bl + -;2—{132 - B3 + T2 (B4 -'B )} © (II.35)
In this, the B, are given by :
B,=189 -B o - (I1.36a)

B - 2621.62 1080870/T; ©(I1.36b)

- K -
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B, = 82.546 o , 4 (II.36¢c)
B = 162460 /T, | _ (I1.36d)
B, = 0.21828 T, o | (II.36e)
and .
55 = 126970;@& . S (I1.36f)

A¢céording to the discussion in Reference (9) this representation is
accurate within O.Q5_percent or less at all temperatures above 315°C

(600°F).

Consigeration of the acc@racyLii@its given in References (8)
and (9) indicates that the representatipn'of conductivity by (II.33)
using the density given by (II.34), (II.}5) and (IT.36) is sufficiéntly
accurate for practical fuel rod analyses. The principal limit on accuracy
is at lower temperatures and high pressﬁrgs. Fortgnately,_thig is nqt
crucial to the accuracy of bfactical analjées, for inaccuracies at
relatively low.temperatures correspond to inaccuracies at zero power or
at very low power levels. Good accuracy in computing the condﬁctivity

is important only at substantial power levels..

As a.result of its computational structure, CYGRO-4 must have a
representation for the conductivity even when there is no power genera-

tion. Fortunately, the only requirement in this case is that the con-

dguctivity be nonzero. This makes it possible to assign the conductivity

at temperatures in the range from 282°C (540°F) to 315°C (600°F) as
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T,P
K*(T,P) = K(315,P) + (T - 315) LR :
T=315
When T, is below 282°C (540°F),  the conductivity of the steam is taken -
to be infinite. If the program input indicates that the reactor is
generating appreciable power when this condition prevails, the program

will stop and indicate 'an error condition.

In keeping with the assumptions in FIGRO (Reference 6), when the
cladding is defected the temperature jump distance, g, appearing in

(II.27) is computéd by use of

A

P

T
g=28. 7 3,‘—1:-— . (I1.37)
r “system

Here g, is an experimentally determined constant and P is the-

systém

system coolant pressure.

In (II.23) the thermal resistance of the oxide layer at the
inner surface of the clad, Poxide? is. determined by the thickness of the
layer and the experimentally determined conductivity of the oxide..

A simjlar layer is assumed to affect heat transfer at.the rod-to~coolant

interface. This corresponds to the representation in FIGRO (Reference T).

ITT. Fuel Cracking

Examination of irradiated fuel pellets¥* makes it. clear that they
have cracked, and that, in many cases, the cracks have "héaled."

Since cracked fuel will obviously respond to loads and conduct heat

* See, for example, Reference (10).
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differently than uncracked fuel; adequate representation of fuel
behavior must include models for cracking, crack healing, and the effect
of cracks on heat conduction.

A fuel cracking model was incorporated in CYGRO-3 (Reference 4).
However, this model gives its best results using a cracking stress more
than one hundred times smaller than the expected -value. Furthermore,
analyses using this model occasionally display unacceptably large dis-
crepancies between the strains calculated from changes in geometry'and
the strains calculated from the history of stress, temperature and
fission rate. IFinally, results obtained using this model often in-
clude tensile stresses across cracks that afe substantially larger than .
the stress at which cracking was said to occur. These facts suggestedb

the need for a new cracking and crack healing model that would give

results in keeping with basic expectations of crack behavior.

[N

‘Up to the present, the CYGRO model has neglected the effect of
fuel cracks-on*heat conduction.. Thus, the modelr presented here provides
an opportunity -for more complete representation of fuel behavior. __ .

The CYGRO finite element formulation¥ is based on a flexibility
model in which the strains and, thus, the deformations of each ring;

element are expressed as functions of the stresses in that element.

*  See Reference (3).
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The basic incremental stress-strain expression for an element takes

the form

~ -— ~ -
bsl bel bel e ‘r. B rA R
EI 352- -b‘c— ) 01 + 01 At b Gl + elAt 61
v - 9% : v
de, Oe e, . . .
53; E;;; o éoé + 0,08 | + 186, + €508 = | Ae, (I11.1)
de Ve dex || |
—= =2 2| lse, + .t be, + &AL he
& 00, - 2% |37 3T, [T L)

s

Here¥*, the coordina@es.xi; i=1, 2or 3, are cylindrical polar
coordinates X. =Ty X5 = 9,'X3 = z in a codardinate system whose z-~-axis
coincide; with the axis of the rod. The increment of strain is given
‘by Aei; i.= l,~ 2 or 3. The change in stress, Aci, is said to occur as

a " jump" éci plus a rate bi’ and the processes of growth, swelling,

and thermal expapsion contribgte to both *jumps" sei and rates of change
éi. The formulgtion of a mqqel for any deformation process consists

of establishing the effect that process has on bei/bcj, 6ei, and éi.

Because of the axial symmetry of the CYGRO model and because the
CYGRO cross-section analysis neglects axial variations of stresses and
displacements, the stresses o, are principal stresses and the strains

€; are principal strains. Thus, adopting a maXimum tensile stress

criterion for cracking, we reason that cracks will coincide with the

% In the notation of Reference (3), (III.1) is written as

D, = Agy + A F, where DS is the strain rate, A _ is the matrix

ogi/bcj, Fo is the stress rate, and'A.S corresponds to éei + eiAt.

t
(See Equation HL of Reference 3).
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X5 coordinate surfaces. That is, cracks occur only on surfaces of con-
stant x; = r, surfaces of constant x, = 9, or surfaces

of constant i3 = z. In keeping with the assumpt?on

of axial symrr:letry,. a crllacl«: coinéiding with a surface of constant }a =T
extends over -every point on that surfacg. Moreover, since the CYGRO
model assumeé the‘stress state and strain state are uniform throughout
each finite élemeqt, ail bracké-muét be assumed to be;disfributed uni- ¢

formly and continuously throughout’the ring element in which they

exist. Of course, a continuous, uniform distribution of cracks is not

physically realistic. However, this concept prov&des the basis for a

phenomenological finite element representation of fuel cracking that

givesranaiytical’results in close agreement with experimental data. o '

3

During thé interval ?k+1 - tk = Atk, cracks on surfaces of con-
stant x; can affect the strain increment Aei in one of four ways:

the element can crack on surfaces of constant X5 the element can remain
cracked on these surfaces, the cracks on surfaces of constant xi can
closé, of _“in the trivial case - the elemént can remain uncracked
throughout the interval. Cleafly a cracking model needs to be concerned

only with the first three of these, except for contribitichs to Aei'

from cracks on surfaces perpendicular to the surface of‘constaﬁt~xi.

To provide the basis for a methematical model, consider the
phenomena encountered in the deformation and cracking of a brittle

elastic tensile specimen with free lateral boundaries subjected to a.,
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uniform strain>ej'f ed‘for‘whiéh;thGWStressjis o, = Eeo_is equal to

5

the cracking stress o%:

. Let the strain increase to ¢

- +the -interval Ati :'tZ'— t

&
17 E

This causes the specimen to

3’=-eo + e + e during

1

crack. The stress o, falls to zero. The strain associated

5
with the crack is e; = g%/E + € while the transverse sﬁrains,

e; and ey change from -vo¥/E to zero.

Iet the strain increase to € + e, + e

Joid
3= E 1

- t,. This causes the crack to open

> during the

interval At

further: e

W oM

+ €. + e2. The stress.o, and the transverse

3

strains, el and 62, remain zero.

During the interval At3 = t4 -t let the lateral boundaries

3’
of the specimen be subjected to normal stress 0, = 0= ZL < 0.

1 .
Ty s—_ ofe
For lZLl o [o* 4 E(e_1 + e2)] the crack remains open and

03 remains zero. The crack strain is changed to
c g* 2V .
63 =%+ el + e2 T ZL,'and the transverse strains be-

come €; = €, = ZL(l - v)/E.

During the interval A@g = t. - t#’ let the strain e be

5 5

reduced to zero. Since the lateral stresses, o, = o, = 2&

(2&.<:O), are compressive, the crack closes, and the transverse



ol | WAPD -TM- 1300

L -2v@a -+ Q).
2~ E

strains are él = €

qjvbecomes 05 = 2v Z&.

Z&'whilé the stress:

In the CYGRO én;iysis the stress flexibility matrix [bei/OOj]
appearing in (III.i)'is'definéd"for the whoie-of-theicurrent interval.
Consequeﬁtly, the flexibility matrix-will assume one of two character-
istic forms. One'is the form for an uncracked ring élement.(or an element
where the cracks are held closed). The other is the~form'for.ante1ement
with cracks on surfaces of constant X, X, gr Xj’ or on combinations of
these surfadés. The stress Flexibility matrix for an element in which
there are no cracks (or.thé cracks are held closed) is the flexibility

matrik calculatéd from the elasticity, creep -and’swelling models.

The stress flexibility matrix for an element with cracks can be

inferred from the phenomena of the tensile test:

1f Dufing the interyaf At2 the increase in' strain:did not affect
the stress 03; This implies’ that the crack is infinitely
flexible. Unfortunately, this would regidre an infinite
berm in the stress flexibility matrix. Thus, practical
calculations require assigmment of a'lérge, but finite,
filexibility to a crack. For a material with elastic modulus
E, the crack is assigned a compliance~S/E,-where S is a
number largér than 1 that will be assigned the value. providing

“the maximum correspondence between analysis and expefiment.
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2. During.the interval At, the lateral stresses, ¢, and 0©,,

1 2

3 or the stress 03. This implies

.that the off-diagonal entries in the i-% row of the flexibility

3
did not . affect the strain e

- matrix are zero when there are open cracks on.surfaces of
constant X, However, this leads to difficulties in for-
milating a model that is consistent with the principle of
conservation of energy. For this reason, the off-diagonal
terms of the matrix are assumed to be unaffected by cracking.
For sufficiently large values of S the off-diagonal terms

are negligibly small compared to the diagonal term.

According to this reasoning, an elastic element with cracks on-

surfaces of constant xl = r has the stress flexibility matrix a.;

81 v =y
“bei E E B cee S
el el =2 1 EAUN I (III.2)
J E E - E - ) :
= = X
E E E
- J
Similarly an element with cracks on éurfaces of constant xl -r and
X5 = ® has the stress flexibility matrix |
~ -
S+l = =y
e, E E E , o 4 |
. ) | =v S+1 =V L (II1.3)
Y i Py
E
hE E J
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The stress Tlexibility matrix for .an element with cracks on all three
sets of coordinate surfaces has three diagonal entries (S+1)/E and off-
diagohél entries %;; Matrices' corresporiding to other’bonfigurations of
cracks can bé obtained from (III.2) and (IIT.3) by suitable exchange

of variables. *-

Since the stress flexibility matrix is used to calculate an im-
proved estimate for the stresses at the end of  the time interval, it
mist represent the state at the end of that interval.  -Thus, whether an
element cracks during an interval or remains cracked.throughout that
interval, the appropriate flexibility matrix will be determined by
the configuration of cracks at thé end of the interval., Likewise, when
the element has no open cracks at thé'end of an interval, ‘the flexibility
matrix will be the matrix for an uncracked element, regardless of whether
the element was uncracked throughou‘l; £he in%érva.]., m" zthe element was
cracked at the beginning of the inte}val and the cracks glgsed,during

the interval.

As a consequence of this reasoning, both cracking and crack
closing result in a éhangé of streésvflexibility.matrix.'In Keéping
with the CYGRO model both processes'are said té ocecur at cénétant stress.
This results in "jump strains" éei, To calculate the éei, consider
the sum of the elastic and crack sfrains at-Stress stateﬁg° = [o;]

when the flexibility matrix is F° = [de, /30,1
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For a different flexibility matrix F"L corresponding to a different

crack configuration, the sum of elastic and crack strains is

The transition from a crack state having flexibility matrix E° to a

state with flexibility matrix F¥ can thus be seen to induce a jump in;

strain - x - -
1 1
8¢ = [6ei] =g -¢ = (F -F°) * 0 . _ . (TIII.L)

Since cracking on surfaces X = constant results in addition of the crack
flexibility S/E to the component bei/bci of the flexibility matrix for
the uncracked element, the jump in strain at cracking is. 6€i = Sci/E

and the jump in strain at crack closing is e, = -Soi/E.

It is instructive to apply this model to the analysis of the

wniaxial tensile specimen:

1. During interval Atl the specimen cracks at stress g, = o*.

5
The process leads to 8e, = Sg*¥/E. Straining to €3 = %?;+ e
3
Ee

then results in Ao, = ol +-——i s So the stress at t = t
. BEe S+1 Sil 2
is @ i . = = + === and the transverse strains.at t = t

3 S+1 S+1 2

t=t

are ¢ = &, = :21.(12f_+ e.)

©1= % =53 \E 1/°
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During the interval At, the increase in e, leads to the

o% E(e1+e2 >
stress © | = + . The transverse strains are
3 £ S+1 S+1
2 =v_(g*
then e = e, = 37 (E +e e2).

During the interval A‘t3 imposition of the lateral stresses

N
i

Oy = '2& € 0 causes the axial stress to decrease to
E(c.+c¢ .
ol = i 12 . 2¥ 5 and the lateral strains
7 J+1 J+1 0+1 74
t=t = 2
becomee—e—:'\i-(ﬁ+e e)+—L(1-v-2v)
1= 2= es1 E T F1t%/ Y E S+l -

The crack c¢loses during the interval Atq. However, as a
result of its computational structure, the CYGRO program
performs its computations for the interval based of the

assumption fhat the crack remains dpen, and then, at the
beginning of the next interval, performs the computations
needed to correct the resulting minor discrepancies. The

computations made using the assumption that the crack remains

2v2£

3 et S+1
Since Z p 1S negative, O is negative - a result that indicates

open lead to the result -that the stress is ¢

the crack has '"overclosed." This necessitates a computation
to adjust the fesults to the state where the crack strain is
zero. The transition from the flexibiiity matrix for an
element with cracks on planes of donstant'x3 = z to the

matrix for an element without cracks causes strain jump

-2vS 2& ' )
663 ="5:1E . Using e3 = 0 and Ae3 = O then gives
2vS . .
Ac3 = §:1 Z,. Thus, the resulting stress is @ | = 2v Z&,

3 +
t=t4
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(l+v)(l-2v)2£
37 E o

and the transverse strains are e, = €

The results of this analysis indicate the fundamental correctness
of the cracking model described here. For the resglts_of the analysis
approach the exact results rapidly as S becomes large. Values of S

in the range of 100 to 1000 provide results of suitable accuracy for most

purposes.

Generalization of this model to problems involving creep, thermal
strains, and growth and swelling is immediate - the flexibility of the
cracks and the strain jumps associated with opening and élosing of cracks
act to augment the flexibility and the strains of the uncracked material,
Thus, if the stress flexibility matrix for the uncracked material is
Fo - [bei/bcj] as a result of its elastic and.creep properties, craﬁking
on surfaces of constant xi = r tesults in addition of S/E to the entry
on the first row and the first column of'E°. Likewise, if the uncracked
material displays a strain jump 6ei, cracking at e, = o% augments the

1
strain jump to e, = 6e + So*/E.

In the original CYGRO cracking model +the -cracking stress was
independent of temperature, and complete strength recovery occurred when
the crack closes,. Available experimental evidence suggests that neither
of these representations is correct. The cracking strength Qf uranium
oxide ﬁaries by more than fifty percent over temperatures ranging from

600°C to 1200°C (1112°F to 2192°F) (Reference 11). Moreover, the rate
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of healing for t'skmlayli" cracks in uranium oxide incréases by a factor of
eight or more over the temperature range from 1600°C to 2000°C (2912°F to
3632°F) (Reference 12). At temperatures near the upper end of this range,
strength recdvery fi’om microcracking to the 'original strength requires
about four hours of annealing. The substantial temperature dependence
and the significént time required for strength recovery suggest that'
healing may be very slow, or even nonexistent, at the temperatures en- -
countered in the outer region of the fuel especially in low power regiuns

of the rod.

A suitable representation of the temperature dependence of the
cracking stress, ¢*(T), can be cbtained by use: of the piecewise linear.
expression¥*

AU B My - (T

In this expression T is the temperature :and AL and B, are parameters
applivable for Tk—l <T = Tk'

Experimental observations on uranium oxide reported by Reynolds,
Burton and S‘peight [Reference '13‘] suggest that the growth of pores at
the intersection of grainy boundaries controls the fracture process at
high strain rates (~ 2 x 10—3/secoﬁd). ‘At lower strain rates (~ 10—6/second)
fracture appéai's “to result from the growth of numerous cavities on the .

grain boundaries.

* See the data presented in Reference (11).
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In both‘cases, fairly regular arrays of pores‘are formed at
intervals compgrable to thellinear dimensiohs of a>gfain. Thus, writing
the nominal grain size as &’and assﬁming'cylindficél pores of uniformv
diameter, a, regularly arrayed at é center-~to-center spacing of B4,
the results of Paris and Sih (Reference 14) pro&ide an e;timated craékiné
stress |

o*(T) = 1C . © (III.6)

(B¢ tan ( =22 )7/2

2B
Here, KIC(T) is the critical stress intensity factér far the material
under consideration. It is appropriate for the CYGRO aﬁalysis to assﬁme
that there are no stress concentrations. Thus, writing KIC in the fo;ﬁ

suggested by (III.5) and (III.6)%

BT . ‘ .
o*(T) = [Ak + K ]Knomlna3 , (IIi.?)
(284 tan ( 555 )7/2 ’ o

the initial strength data’can be represented in térms of B, A/B& = aO/BL
and the magnitude of the coefficients Ak and Bk in (III;5). Unfortunately,
there is no prescribed way to agsign these quantities. The most appeal;
ing apprdach is to choose aO/BL such that the porosity of the material

is accurately represented. That is, (ao/B«",)2 equalsvthe initial porosity.
Thgﬁ the strength data can be used to define B and the magnitude of fhe
coefficients Ak’ BK and Knominal in terms of the average grain sicze.

High strain rate fracture would correspond to values of B near 1.0,

while low strain rate fracture would require B ~ 0.3. ‘The low strain.

rate values would be more appropriate to normal reactor operating

conditions.
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Accofding té the modei-discuSSed e#rliér in this section, thé
materiai‘will fracture-when the tensilé Sfress';eaches é*(T) given b&";
(111.7). When the resulting crack éloseé'due to medhéniéal action,n
strength recovery begihs. The analysis of Duttoﬂ (Réferénce 15) proposes

that crack-~like pbres'heal at a rate
£ - cavl1 - oxp(- Q,/RT)Je¥p(Q, /RT) . (I11.8)

Here, a is the major radius of the crack, a* is an experimentally deter-
mined diffusion rate constant, Qa and Qb are activation energies, and R is

Boltzménn's constant.

At crack closing a = Bl, and pore closure can be assumcd to cease
when a = ag. - Over each time interval the -value of a will be taken as
the value at the begimming of the interval. The vélué of a at the end
of the interval will be computed by use'gf (TII.G). The cracking strcop
for the'intervai will bé the value of o giﬁen by (III.?)}for”the ap-
propriate‘values of & and T. Limitation of & to a 2 aé ensurés that

the material does not become Stronger than its initial value.

Thié model neglects éil.aspects of creep ruptwré. No account is
taken of the growfh 6f pdres af gbéin bbundériés aépdiscussed’By Reynolds,
Burton and Speight (Reference 13). Likewise, strength recovery is taken
to be independent of the stress staté and the fission rate. One might

expect that these pareameters and others will prove'to be important to-
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cracking and strength recovery following crack closing. However, there.
is relatively little fundamental. data on these matters,.agd the
program.could easily suffer from the inclusion of’an ovgr;y spphisticated
model. Thus the present model provides improved'mgdgling,gapgbility

without overreaching the available data.

Iﬁ the CYGRO-4 heat conduction calculations discussed. in Section ..
II the temperature difference between the inside and the outside of a.
ring element is proportional to the product of the heat flux and the
radial thickness of the element and inversely:proportional to the thermal
conductivity and the average radius of the elehent. Thus, the effective
thermal resistance is the ratio-of the-radial. thickness divided by the ..
conductivity. When there are cracks on surfaces of constant r,the.fﬁermal.
resistance is increased above that of uncracked fuel, The cracks create.
small gaps within the-fuel that behave in much the same way as the gap
between the fuel and the clad.. Thus heat flows across. the cracks by ..
radiative transfer and by convection in the mixture of fission gAS.and o

initial - fill gas existing throughout -the interior of the rod.

To. represent- this effect the thermal resistance of.a fuel ring
element can be taken as the sum of the resistance of the uncracked fugl
and the resistance across the cracks., Since the exact distribution of
the cracks camnot be known and the gap conductivity. model is not- amenable
to a continuum representation, it is convenient to calculate the thermal..
resistance of the cracks as if there existed a single crack at the mid-
radius of the ring element with a gap given by the product of the initial

radial dimension of the element and the crack strain in the radial
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direction. The gas in the érack'gap is at the same pressure as the gas
in the fuel-clad gap and has the same composition as the gés in the gap -
whether fill gas plus fuel volatiles and fission gases or steam., Its

temperature.is the temperature at the mid-radius of the fuel ring.

Application of the gap conductivity model of Section II is
immediate. The conduction through the gas results in éonductivity'hf.
In e nolabion of (IT.27) N

K

mix : . : :
"t TR, + g+ T ' (131.9)

where Kmix is the thermal conductivity of'the-gas, C is a dimensionless
fbrm’éoéfficient; Rs is ‘the roughness of the surface of the crack, g
can be ca;culated as in Section II, and t is the thickness of the crack
. gap - the ring radial dimension times the fadial component of crack
strain. The only new quantity introduced here is RS which is to be
determined from the input to the- program. - In the absence of relevant
data on the roughness of the ecrack surface it would seem appropriate .
to assume the roughness at least as large as ‘the roughness of the outer
surface of the fuel, a quantity already supplied for use in the gap

conductivity calculations.

.- Radiative heat-transfer across the crack results in an effective -

conductivity-

“he2le, aT /(2 ) . ' . (TI1.10)
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Here, ¢ is the Stefan-Boltzman ppnstant,vTAv is the fuel ring average

temperature, and e. is the emissivity of the fuel. - This éxpression

£
assumes that the crack gap is so small. compared to the radius that the. ~
surfaces of the. crack are effectively infinite parallel plates, The
net crack gap:conductivity,'hc, is the sum of ﬁf’and”hr. Thus, "the

gap resgistance is

.1/hc,= 1/(hf + hr)~ .

zTransformation of this to the form adapted to .the CYGRO temperature  com- -

putations gives

1 - 1
(rg - ri)hc x (?6'- ri)(hf +hr)

(1I71.11)

Hence, the thermal resistance of a cracked fuel ring is given by

g (I1I.12)

1
Ce (hf + hr)(ro - ri)

. O.bJ
. l—b * ..

In this expression, o is an <dnput constant whose value can be adjusted
to give the best agreement with -experimental data. Assignment of a ..
value of zero to « reduces the resistance to the value for uncracked
fuel. It is not likely that a value of « much larger than 1.0 would

prove useful or desirable.
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Iv. Fuel-Clad and Rod-Support Interaction

Mechanical interaction between the fuel and the cladding and
between the fuel rod and the supporting structure has a strong effect
on the deformations of the cladding. For this reason, accurate fuel rod

analysis requires a reliable and realistic model for the various inter-

action proncesses.

A fuel-clad interaction model has existed in -the CYGRO .programs
since CYGRO—2‘(Reference 3) and a rod-support interaction model was
incorporated in CYBRO-3 (Reference 4). However, these models occasionally
would lead to anomalous situations in which the results of computations
violated the assumptions made in setting up the governing equations.

For example, the fuel might have an axial strain trate larger than that

of the cladding even though the governing equations were valid only for

" situations in which the fuel strain rate was smaller than that of the

- cladding. This suggested the need for a revised fuel-clad and rod-
support interaction model that would be more reliable and &ould be more
consistent with the revised time step controls discussed in Section VI

of this memorandum. At time- t = tk+1 =t + &t the fuel radius and
length, re and 4., are given in terms of‘thé radial fgel—clad interactién

force, Fl’ and the axial fuel-clad interaction force, Fé’ by the linearized

equations
RETCTP) B 51 I TSRO I FE B A TR T
Le(s1) Ye(x) erk) * Le(i) b + 8F5 (k) * To(x) 8%

(1Iv.1)
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f 4
Here, the,AiJ-a;e the components of the two-by-two, symmetric.fuel
flexibility matrix... Thé form of this: equation reflects the fact that Fl

acts to decrease the -fuel radius and'F2<acts to decrease,mhéffuel.length;
Similarly, the clad inner radius and length, r, and &c, are

given in terms of F F2 and the rod-support axial interaction force,

1’
F3’ by the lincariged<cquations
Tor) | | T | | Tt Tatd® | |0 o't gﬁtk
= : ij |- 207 - k )
Yo (xe1) Lotk oot Yoed 300" ot
(IV.2)

In this expression the A;j are the components of.the two—By—thfeé ciad
flexibility matrix. The flexibility matrix has entries Agj.that satisfy
. e c c c e
the equations A12 = A21 = --A13 and A23 = —A oo°
Finally, the length of the rod support stfucture LS, is given

in terms of F3 by

. o . ‘
toes1) = Ys(k) + sgot Gadtaot A (BFxget FBk}tK) . (IV.3)

The fuel-clad interaction and the rod;suppért interaction are

'charactefized>by the interaction farces, Fi; i= 1,2,3; and the relative



38 . WAPD-TM~1300

dimensions, Vi; i =1,2,3, which correspond to the radial gap between fuel
and - clad, the difference between clad axial ex*bensioh and fuel extension, and
the diffe'z_-ence'between support extension and rod extension. .At t = tkﬂ

the V, are related to the F, by the matrix equations

Lv. (K+1)J_ [v. (k)_l + |86V, i) * V (k)At 1+ [A ][M«J(l) + L‘J(k)A‘ij .
(TV.4)

The terms in these equations c¢an be obtained from the relatlions

Vi =1, = Tp Vy, =4, = 4 and V3 = 'ﬁs - %, . In particular, the terms

of the flexibility matrix [Aij] are

Ail ‘AAil * Ail

A, = Aél = (Ayp 4 ) = (A + Agl)

i3y = (A5, + £5;) (Iv.5)
A%B B Aél B 03 = 'Aiz |

%3 = ‘%2 = by

e (-5 -0

The matrix equatlon (IV.4) relates the three interaction forces
F, 1 i=1,2,3to the three relat:.ve d:n.mens:Lons V ; 1= 1,2 3 Six
other equations are needed to obta.:Ln a unique solutlon for 'l:he SF. 5 (x)?
&V, 1(x)? i(k) and Vi(k)' These equations can be obtained from the assumed

staterf' fuel-clad and rod-support interaction. The values of Fl (1+1)
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and Vs 1)

pesulting from solution of the six.pairs-of equations must then be
checked to show that they arédconsisfénfzwith the assﬁmpfions méde. '

If the results are,incqnsistént with the assumptions, new assumptions

must be made and the process must be repeated until ; set of assuﬁptions

produces results that agree with the assumptions.

Fuelfclédfradial interaétion results when the fuél-clad gép,
V> is zero. In that case, the contact force, Fl’ mist be positive.
When there is a gap, Vi is po§it;ve’@nd Fl mist be.zero.- Negétive vg;ues
of F; and Vi are not.ya;id. Thus, a fourth equation relating the ”

vi(k+1) = O provided Fl(k+l) 20
o - o o (1v.6)

Fl(k+l) = 0 provided Vi(k+l) 0

There are three possible states of fuel-clad axial interaction:

(Va(iesn) = Vo)) = @ (Vagee1) = Yorx)) >0 @4 (V1) = Vo) <O
In the first case, the magnitude of F is limited. In the second

2(k+1)
and third cases, the magnitude.of F2(k+1) is known, and the sign is specified

so that the sign of the product E2(k+1)[Vé(k+l) - Vé(k)J is negative.

Thus, a flfthbequatl?n relating the §Vi(k) + Vi(k)Atk and
)

6Fi(k) +‘Fi(k)A?K>¢an be obta;ned by sett;ng .
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‘ X 2
Vo(ra1) = Vo) Provided =Mooy 0y = Fory € MS(m)

N
~
=
¥
—
~r
|

= W) BOVIdeA Vy(y ) PVpg 0 (WD)

or

- \ <
Folrer) = Mo(ue1) POV Vo) < Vo(x)

Finally, there are three possible states of I'od;-supp{jr'b inter-
action: - ) = 0, - -
setion: (Va0) = ¥300)) = % sierny = Vo)) >0 @ Wy = Yy

As in the case of fuel-clad axial interaction, the first case implies

) <o.
).

a limit on the magnitude of the interaction force. In the Second and

third cases, the magnitude of the interaction force is known'and the -sign -

of the interaction force is su¢h that the force acts to impede the

relative motion of rod and support. ‘ ”Ihus, the sixth eéiua;tion.felating

the 6Vi(l{) + {,i(k)Atk and éFi(k) + Fbi(k) Atk ca.n be obtained by setting
Vﬁ(kﬂ) = V5(y) Provided ‘Mg(m_) = F;(l?.l_) = M%(k@)

"o = ) T V) PV
.FB(_'QI)- = M50001) provided Vﬁ(k)ei): = V300)

The -analogy bebween (IV.7) and (TV.8) is complete.

As a result of the form of Equations (IV.6) ,(IV.7), and (IV.8)

determination of the six variables évi(k) + Vi (k) A‘tk and 6Fi'(k5:+ Fl(K) AtK
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can be reduced to the solution of three sj_multaneou_s equations in the
three variables (GFi(k) + ﬁ‘i(k) Atk) followed py determination of the
(GV.(K) + \.f.(k) Atk) from these. The solution muist .then satieﬁy t.he
assumptions stated in Equations (IV 6), (V. 7), and (IV 8). These
assumptions are equivalent 'bo lnmltatlons on the size of Atk In some
instances the limits are on the raximum value of Atk, while in others
the minimum value of Atk is limited. The interaction assumptions are
consistent when the maximum acceptable value of Atk is larger than, or
equal to, the minimum acceptable value of- A-tk Whenever the assumptions
are not consistent, they must be changed systema'tically until a consisten,t.
sert_ of assumptions is found. |

A circumstance requiring consideration is the situation where the
upper:. bound on AtK 1:un1ts bty -exces_sive%y. “In :bhisfcircw_nsﬁ'a.n’ce tHe .
program can be reduced to a sequence of trivially short time steps.
To avoid this, the limits expressed in Equatio_ne (1v.6), (IVv.(), and
(IV.8) are modified so that the calculated time step will be large enough
to produce an Movershoot" of amount d of QiSPIacement, or f of ~in‘,t2raction

force.

Returning now to Equations (IV 6), (IV 7), . and (IV 8) con31der
the limits imposed on At by the assumptions listed there. When,

y = 0, (Iv.6) requ::res F For F >® thJ.s J_mplles

V101 1(k 1)~ 1(1:)

-t + (F + 6F; )Y
st > 1(1%K 1(k) o . (1v.92). - ..

while for 1:-‘1(1{) <0
-f + (F + &F 2]
ot < 11%){ L (IV.9b)
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When Fl(k+l) = 0, Vl(k+1) 2 =d,

For V

l(k) 2 0 this ‘implies

| -[d'” \/ 6V ]
b = — 2 T 300 - (e

l(k)

while for Vi(l{)5~' <0, this implies .

(IV.10b)

A‘t-k S

LT

When Vz(k 1) = Vay» (IV.7) requires -[Mg(k+l> + L1 S Py 0y S M) + £1-

Writing ]Vé(kﬂ_) = Mg(k) + 6M2(k) ﬁé(k) 0L, the limits become
2(k) M2(k)jm'k . [Mz(k) * P2<k) * C’Mz(k) + 0P2<k) « £] . (IV.1la)

and

| [132(1:)" ey 0 = Doy = Foy + by - gy ¥ €

(1Iv.11b)

For [F M’Z(k):‘ >0, (IV 11a) requires

2(k) *

A [ + F + 8 + 8F ]+ f
: A_tk M?(K) 2(K) MZ(I{) 2(k) (IV.lZ'a.)\. ,

[F2(k) * MZ(k)]

while for [1%2(1:) Mz(k)] <o,
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L
[Mz(x) * Foqe) + gy + Fpnl + L

At s = (Iv.12b)
W (Fppey + Mﬁ(x)]w " |
Similarly, for tﬁz(x) - &I‘Z‘(K)] >0, (IV.11b) requires
- F + &M - &F ]+ f
o, D’J;(K) 2(k) 2(k) 2(;:) — (1V.13a)
Fo) - MQ(k)] s :
while for [132(1{) - &L:(K)] <0
- F + 6 - §F £
At 2 [Mz(K) 2(K) Mz(k) 2(K)] - (IV.13b)
| Far) = %] :
3
than F2(k+'-l) = -M2<k+l), V2(K+l) 2 Y’E(K) '— d,. This J_mplles V (k) At GV (k) 2 -4
-[d &V, ] R T ‘ : -
o 22 (xv.14)

Similarly, when F2(K+1) = MZ(R+1)’,V2(k_+1)_‘.S.V2(k) + d. This ;@plleg

.

d - 6V, | T ' |
. A‘t',K = ,—2'(1—{1 . (TV.].4b) ’
Vo) ' ' - '

Further limits on the time é'bep are imposed by the requirement that .

remain negative when V, ) > 0 and positive when - -

2(k 1) 2(k
Thus, for V 2(k) >0 and F

Fo(ks1)

<0 .

Va(ie1) ™ Voqe) <° 2(k)

g 2T [Fz(k)' * )]

, (IV.158)

F2(k)



i | WAPD -TM - 1300

. f - [F §F 1 .. , . .
oty < Z(K) T 2(x) : (IV.15b)

2(1:)

At
K
Fo(x)
and for V >(k) < (0 and F-( K) <0,
f+ [F.,. \ + 8F ] '
Bt < - —2(k) 2(5? 3 (IV.16b)

Fz(x)

. Th es V = B = F = - .
° €339 V3(1) = V0007 Fa0ee1) = M) ™ Fa(ia) = Myeen)
lead to limits which can be derived from the limits given by (1v.12)
through (IV.16). The limits for these cases are identical to the form
obtained by exchanging 3 for 2 every place 2 appears in (IV.12) through

(Iv.16). Accordingly, they will not be given here.

The functions My, M5, M and M';“ which 1imit the magnitude of

interaction forces F2 and F_ have been assigned a representation

3

M

i(k+1) T

1(k) * (K) 1(k) )
for i = 2, &Vg(k) and Mia((k) depend on reactor pressure, temperature and
the fuel-clad gap. For i = 3, 61‘4;(1{) = 0, and MJ;(K) is defined from the

input data.
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The functional form of M;’ is
ME = W, Toegy Py + Hg BT+ pp F | © (1)
, ~Pe "f(o) Tx T Pe g T T L L . *
while the functional form of M, is
r/;—p,r D+ W hu+|..|.r T + F '(IV.18)
= Pe "f(o) “x e g p flo) x T P12 :
In these expressions rf(o) is the initial fuel radius and Hos Bgs My

and pg are user specified friction coefficients. The other new variables

are defined by

: 0 . T
Py = Maximum Of{Pcoola.nt - Pga.p - Pcollapse (Iv.29)
. 0. : ,
Ty = Maximum °f{[=i.(u: +1) - 1,] (IV.20)
c
’{, . {o ) : C . i
| hg = Maximum of Cend[de(Tc - Ts)rf(o) - vl] (1v.21)
and
u 0 o .
hg = Maxdmum of Cen,dj[de(Tc - Es)rﬂo) t.€ =v,] oo (Tvezz)

In these, o, is a user input quantity representing the pellet "hour-
glassing“ coefficient, € is the fuel eccentricity or chip effect measure,

TA is a user input temperature effect parameter and TC and Ts are the

fuel centerline - and surface temperatures. The quantity Cen d is a

measure of the interaction force for .a given interference.

Examination of Equations (IV.17) through (IV.22) shows that P,

T no. w4 -
X gy Ng and Fl all vary with time. Thus, writing
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p r o .
Mg(k+1) - M2L(k> * M * P@(K) oty - (Iv.23)

and ]
M1y = Mgy * Mo *+ Mo B (TV.24)

. £ ' o
the explicit values of MZ(k+1) and Nﬂzl(m.l) can be deduced. Specifically,

thceoe values are

it
=
+

~ £
() = Mo T5(0) Pu() * HoPele) * 1lFa(m) * Fagey) (TV+252)

. . : el . , L :
Myy = Be Tr(o) Pr(i) * Me Bg(x) * T Fi(k) | - (Tv.25p)

¥
z
-

GM;l(i;) = be Tr(o) Px(x) * He hZ(K,) + Wi rf(o) Tx(k) + ”‘I[Fl(k) + 5F1(k)]
| (IV.262)

and

MIZA(k) = by Tr(o) i)x(lc) +_ He h:(l:) M p"I'-f.'f(o)"l\'x(k) MLy F\l(k) *(IV.26b)

. - . - *u
In t?:lese expressions the derlva.tlve_s px(k)’ hg(K)’ et cetera are under-
stood to be zero whenever the corresponding quantity, px(lc)’ hg(l{)’
et ceétera, is zero. When these quantities are non-zero, the derivatives

can be determined from the expressions

‘L . .. . - , - . v ‘
hg(k) = Cend[c’[e(‘l‘c(k) - Ts(K))rf(o) - l(k)] (1Iv.27)

-

B = Conaleeoq) = Tog)7e(o) = ] (B
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e

L4 -]; P - ’ . .
) Tx(k) =)2.['.I'C(K),.- ,s(k)] . | ‘ (TV.29)
: £ u .
Evaluation ofAhg(k) and hg(k) 1§_b_ased on the vl.ail_ue’: vy ) * 4 (x)°

4

with the approximation that h ) and. ) are-zerd.throughout the. interval if

u

h
g(k gk
they are zero at t = tk’ and non-zero throughout the interval if they
are non-zero at't =.tk’ This results in limits on the size of the time
interval  that qqﬁ‘in addition‘to the limits imposed by fuel-clad inter-

action and rod-support interaction.

The central aspect of the fuel-clad and rod-support interaction
computations is the procedure used to determine the statgé of inter-
action. Since,thecstates_are.discreﬁe (contact or non-contact, slipping
or non-slipping) it,;shimpéssiblg to use a method such as the Newton-.
Raphson method ar the method. of bisgctiqn that requirgs_continuous
variation. Two alternativeé appear: solution of the equations for all
posgible interaction states, or use of an iteration procedure such as
that in Reference (16).in which the trial states for a given iteration
are determined from the results of the previousviteration by changing
only those assumptions which are inconsistent with the results of the
coamputations. As indicated above the second alternative was chosen.
The remainder of this section is devoted to a description of its im-

plementation.
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Since the inequalities stated in (IV.6),(IV.7), and (IV.8)
lead to minimum and maximum limits on the  time step, let the wvalues of
the three minimum limits be indicated by Atr(;_z)a;i = 1,2,3, and let the
values of the three maximum limits be At(:;)c; i=1,2,3. Thus, when-it

-is assumed that V 2(k+1) = V2(k)’ the values At(z) and A'b( ) are defined

by (IV.12) and (IV.13). In particular, for F2(k) >0 and M;(K)"' D.II'E'(K) = 0y
(2) . . e N 2

At i, corresponds to ‘the right hand side of (IV.12a) while b

corresponds +to the right hand side of (IV.13a). Conversely, for 'F <.0,

2(k)
At('.')) corresponds to the right hand side of (IV.l)’b) while A?bélgc corresponds

to the right hand side of (IV.12b).

In this way, each of the aspects of fuel-clad and rod-support - -
. . - C () _. , e o3
interaction leads to limits on Atk. At RS Atl{ and A-tk < M’max’
(1) (1)

Ubviously, any assumption that leads to At > A't is invalid and

must be changed. In the example just given, the a.ssumbtion
(4) > ppl2)

max’

Votas) = Vo)

is invalid when At The most appropriate assSumption for the -

next iteration is then to assume that the fuel slips in the cladding, -

The direction of slipping is determined by the sign: of F, = slipping

2(k+1)
occurs so that the sign of [V (k+1) 2(k) ]F2(k+l)' is negative.

The procedure begins by assuming that the state of fuel-clad

and rod-=-support interaction for t = tk+l will be the same ad for t = tl'{.

This allows use of (IV.6), (IV:7), and (IV.8) with (IV.4)-to determine the

L4

6Vi(.k) s SFi(k)’ Vi(k) and Fi(k) that result from the assumed interaction -
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state. These quantities are used in expressions nbtained from (IV.9)

P ) () |
through (IV.16? to determine the At ~ and At . . If th? :
largest of ‘the ‘Atéi r)l i$ consistent with-thé smallest of: the-:'Atlslzi , the .

assumed interaction state-is valid and. the program proceeds to other com-  :

(1), (1) .

rin exceeds the corresponding Atmax'

putations. Whenevéer one of the At
the assumed ‘intéraction state 'is changed ‘to:agree with the.state Indicated ..
by the results of the computations based on .the previous assumptions.
Consistent assumptions-are retained, and.inconsistent "assumptions are. . . - .-
changed. Thus, :if assuming no-slippinig leads to.a’ contradiction, slip-

ping will be assumed, or if assuming a gap leads.to a contradiction, fuel- .
clad radial contact will be assumed. The.assumed sign of -slipping is .chosen
as indicated in the example Jjust given. ., . C

This. procedure’ converges- to a consistent. solution rapidly in the. ... ..
great majority of .cases. However, in certain unusual circumstances it .
is not effective, and the new assumptions must be chosen according.to
different criteria. This .is done solely to arrive at a set of consistent
assumptions. The consequences'.of the assumptions.still must meet the
requirements imposed by (IV.6), (IV.7),-and (IV.8), and, expressed in
(Iv.9) through (IV.16).

The: usual procedure  for arriwving at imppqved_assumppiqns.proyegl'i:
to be ineffective in a number of~specia1.qases thaf are psua;ly asgociatedl.
with the initiation or‘tgrmipation_of,slipping between theugue; anqA
cladding: For example, when the fuel and clgdding“wepe-intintima§94.¢
carntact at t~=,§K and there has. been no axialAslipgagetbgtween_them,

a decrease in reactor -powe at t = tk+lT9an create a situation where it

x

is incorrect to assume termination of contact and ;nitigtiqn of slipping .
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or to assume that contact continues witp no slippageﬂbetween fuei and
cladding. <Upfortunately, the:first pair of agsumptions will sometimes .
lead to results which suggest. the second set, and vice verséy‘.The usual
procedure.will not arrive at the assumption of contact with slipping or
non-=contdact without slipping.. In this circumstance, rapid canvergence
ocecurs if the non-slip assumption is continued whenever the contact
assumption proVes‘invalid -. even though the non-slip assumption was
invalid during that itération. This allows assumption of non-contact .
8lipping. -One of these latter assumptions will prove to be consistent.
Obvicusly this special procedure should only. be used after several
iterations with the usual @rocediure becauge the usual procedure is
successful in most cases; and the end of contact often coincides with.

initiation of slipping.

When the fuel-clad gap is closing and the fuel and cladding are
coming into contact -other special cases are encountered. As the gap
closes the values of Mé(k) + éMg(K) and M;(k) + 6M;(k) rise abruptly.
Thus, if ‘there was a gap at t = tk and the results of the mevious
iteration indicate that the gap is closed and there will be slipping
betwéen the fuél and clad, it can prove fruitful to-assume no slipping.
Another phenomenon associated with closing of the fuel-clad gap is the
suppression of the clad extension that could occur if there was ‘a fuel- -
clad gap.’ In tﬁis'inStance;it'is»ofﬁen profitable to assume that there-
is no rédésuﬁporﬁ'slippage even though the results of the previous -

iteration indicate theré should be such slippage.
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When the support is exceedlngly stiff compared to the rod axial
stlffness the value of Y 3(x) can prove to be the best 1ndlcator of the
rod-support sllp dlrectlon. In other cases, rod-Support sllpplng may not
be tried by the usual 1terat10n procedure.' ThlS is most llkely when' the

fuel-clad gap is closed and fuel-clad sllpplng 1s startlng. Thus, when '

3

the usual procedure does not converge in thlS 01rcumstance, it is pro-

fitable to force an iteration in which rod—support slipping is assumed.

Other spe01a1 cases 1nvolve s1tuat10ns where the 31gn of F 2(k)

is the opp031te of the S1gn of F + 6F2(k) or the 31gn of

2(6) 3<k> |
is the oppos1te of the 51gn of F}(k) + SFB(K) In these cases, the usual

procedure (where the calculated value of F, is used to determlne

i(k+1)
the direction of slipping) is likely to perform poorly. An alternative

procedure based on the 31gn of F. ) + 8F, 5 (k) leads to rapld convergence

i(k
and is used except when F i (k) is exceedlngly 1arge - So large that

k
(K) tlmes the maximum of the At( ) is larger than twice the maximmm

of M& and Mp

*This fuel-clad and‘rod;support interactlon model has proved fé'
be quite reliable and has contributed to a reduction in the number of
anomalous dlscrepan01es between the results of closely related analyses.
During the 1n1t1a1 phases of its 1mp1ementatlon speclal cases llke those‘
discussed here often prevented convergence to a'valid answer. The dif-
ficulties resulting from these cases werewclrcumwented by developing
ad hoc procedures whlch use the features of the speclal case to determine
1assumpt10ns that are more profltable than those that would result from

i

the usual procedure.
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While the iteration procedure oiscussed here provides an efficient
means of flndlng-the correct state of fuel-clad and rod—support 1nter-
action, 1t 1s only a part of the rev1sed fuel-clad and rod—support
1nteract10n ‘model. Another V1ta1 aspect of the reV1sed model is the
requlrement is that the results of the 1nteractlon computatldns agree
with the essumptlons upon.whlch the COmputatlons_are based. ThlS feature
proviees increased COnfideuce iu the ph&sical‘realify of the results,
for the 1terat10n procedure w111 converge only for an 1nteractlon state
that glves conslstent results. Thevfallures to converge that occurred
in the development of the model resulted in program stops to prevent

the generatlon of results that might be 1nva11d

v. Fuel Denslflcatlon
The ohenomenon of fuel den31f1cat10n lsrrepresented 15 CYGRO—4
by the use o the "hot presslng" model of CYGRO-I (Reference 2). In
this representatlon, there are one-to-flve categorles of pores. The
process of densification involves the shrinking of these5pores in response

to the applied external pressure and the surface temsion of the fuel,
For a category of pores with volume fraction &, consisting of
Né pores per unit solid volume, the nominal pore radius is

= . V.1l
D ) Ns(l.- eﬂ) ‘ o e

r

Thus, when the surface temsion is ¥y and the "pressure' is p =-(¢1 + 5 T+ 53)/3,

the densification rate is
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36h P 1
27\ 2rp+§ + -leh . e - (V.2).

The remaining variables are the "local yield‘str,ess" around pores, Syv,
and the effective viscosity, T. The value of Sy is an input variable,

while T is determined from the ¥steady state" creep rate..

Returning to the-basic definition-of N—1/M = d&/d0—" can be

obtained from

11 C-3G |,(G-1
=7 {10%7 |P|™" + Ay} ,
sc ’

where Rsc is an input constant and A is the coefficient of fission rate

dependent creep. Thus, T is

R
M = 22 . (V.3)
1OC—3G i ‘G-l v ap FoL ,

or using (A.I.12) and (A.I.13) from Appendix I

‘R

2C . | V.h
‘Q Rr/(Rr'Rde [R (w 1)+R ]/(R Rd) ' '-( ')‘ -

R/(R R ol * ( + Ao
)

In order to establish limits on the size of the time step as

needed in the procedure described in Section VI, consider the derivative

of 'eh with respect to e,. This is

411Ns

Y3
2 - g * %Sy(h—e‘h)

dt fde, == ((2m¢ ) | ——2—5
FERTMYTR 50 (e )
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If densification occurs at the rate given by (v.2), a lin‘éa'.'rized Taylor

series expansion of (V.2) indicates that the rate of expans:.on will
de:

change from eh to eh (1L + ~— At) in time At. Thus, if the change ‘in

densification rate is to be lzunlted t6 the fraction D d"of the densification

rate existing at the beginning of the time step, At must be limited to

My < T - VR < (5)
vy B
“h T

This limit is considered in determining the size of the time step as

discussed in the following section.

VI. Time Step Limits

The computations in CYGRO-4 use the rapes of change at t = tli
to caiculate increments f'or thé :‘Lnférval 'tK Kts {-‘K+l' Thils means
that the time step A'tk = tk+l - tk must b§ 1:@ited to values for which
the rates of change are accurate. Table VI.1l proﬁdes a list of llmlts
+o the size of the time step that have been incorporated in CYGRO-%.
This section ‘discusses a number of these limits in sufficient detail to
provide an understa.flding of the basic reasoning involved :Ln :developing '
time step limits. This illustrates the fact that there are time step
limits assoc:Lated with all the physical processes affecting 1“ue1 elements

and that mathematlcal models for these physical processes mist mclude -

_procedures for calculating relevant time step limits.
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Table VL1  Limits to Time Step in CYGRO-A4

. Discontinuity in ratg of.changq of reactor data: power level,

coolant temperature, coolant pressure, et cetera.

Change in state .of fuel-clad radial interaction.

.Change in state of fuel-clad axial interaction.

Change in ;taterf rodrsupport interaction.

Fuel  cracking or closing of cracks in fuel.

. Change of -strain rate resulting from hardening or change of stress.

- Change of compliance from value estimated using assumed time step,

- Change of geometry resulting from large increment of strain,

... Effect of temperature on.deformation rates.

Changes in.conditions such as clad collapse or initiation of,

-Mhourglassing"” interaction between fuel and clad that require a

change in the equations describing the . behavior of the element.
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The first time step limit in Table VI.1l arises from the input
data. Input to CYGRO-Y includes data on the reactor conditions at
a series of times t = "rn; n <1,... referred to as History Card Times.

For values of t in the range ;Tn <t S‘Tﬁ “the reactor conditions are

+1
calculated by interpolating linearly between the data at times t = T
and t = T Thus, the rate: of change of the reactor data is usually

n+l’

discontinuous at each of the timee t = 7. .This fact forms the basis
for the fundamental time Step limit. . That is, for' 'rn;”lS'tK < T, s The
value of tk+1 is limited by tk+1 < T In general this Limait i3 not as
restrictive as the other -limits discussed in the remainder-of this sec-
tion.

The second, third, -and fourth limits in Table VI.1 are provided
by the values Atﬁ;‘i; i =1,2,3 introduced in Section IV. As discussed
there, the fuel—‘clad' and .rod-support modelileads to:limits'on the minimum
and the maximum size of the time step. These generally prove to be more
restrictive than the limit imposed -by the History Card Tlme. .They are
implemented by requiring that the program time step Atk is smaller than
the minimum-of the Atnf:x); i= 1,2,3 calculated -according .to the .procedures
discussed in Section IV.

The fifth time step limit'is. ass‘c:aciated with fuel cracking. As
explained in Section III, the fuel in a finite element ring is said to
crack whenever one of the stresseS‘oi; i = 1,2,3 there reaches -the’ ,
cracking stress g*. :At that point, -the compliance matrix for the.finite
element must change. . This means that if the stress ¢; in an uncracked

finite element has wvalue °i(k) <g¥at t = tk while the stress jump
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is 80;(yy and the:rate of change is g; iy, -the ‘time step. Aty must | .

be consistent with

oGt 8% * Gi() B FOF

As a result, Atk;:nmst assume a trivially.small value if oi:(k)"-'*' §-°i‘(~k') 2 %,

. ) . e . !

o - %) = 89)

IR o

Cracks in a-finite element. of: the fuel are said to clo,se‘when.th.e strain .
associated with the crack becomes zero or negative. This means that if. .
the strain e; in a cracked .f:t_nlte element has wvalue ei(k) >0 at t = tk’
while 1211e strain jump is éei(k)’ the strain :&!—.ate.;s ei(k)’ the strain
associated with elastic, thermal, creep and growth deformation is

t _ i . .. .8 ’
ei(K)’ the: jump of the elastic and thermal st;r‘a_g._ns. is 6?i(‘k)‘~"‘and thg
rate of change of elastic, thermal, creep and swelling strains is

.t ) o _ o
ei(k)’ the time step A‘bk must be cons:.ste_nt..wa.th R

. t e R
fi(i) T 0%(e) * () M T Si(e) * Oei(e) tei) Mo oo

As a result, A‘fls must assume a trivially small value 1f ['e'ff(ki') - & ()
€ . : t e .
+ aei(k) - Gei(k)] < 0, while for [ei(k) - el(k) + éei(k) - 6eiv(k)] >0 and

.t . . \
[ei(l{) - ei(k)] >0 Lo

t e
< ei(K) - ei’(K) + Gei(k) - 6ei(K)

t (VI.2)
¢ - &
€ (k) i(x)

ot
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The calculation of créep strains ini CYGRO-4 is based on the fun-’
damental inelastic strain rate expression

toleg
_ _-E ;.p . A .
= 3. &%)

e (V1.3)

for i = 1,2,3 corresponding -to radial, -circumferential and axial direc- -
tions respectively. The value of ¢ g/gsoivis con'iputed..:i_t_jrtems.pf" the
values of the o5 at the be@‘_'m"ling of the 'bi'me step a.nd the value of

€ (c ) is computed in terms of these quantltles "and” ‘the "strain hardening
at the beginning of the time step, but a correctlon for the effect of
changes of Stress is inciudéd. The change of strain hardening and the

change of stress during the’time stép lead to limits on At.

The functional form of‘dé is’

2 ., .2 L2./?
oy = CA(oy~ay) +‘B(oé=03) + C(g3"°i) ] .- (vI.%)

Thus, the partial derivatives b'dg/bai are-

da, . A(oy-05) + C( ‘3)

do. Ble -0, )+ A(d -a;)

3‘“5 = 2. P : ‘ o (VL.5)

005 g
and o _ S

2% _ C(a5-a)) + Blay-a,)

603 <:rg ,
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while the second partial derivatives,bzeé/bqibcj are |

.b_oE_ (AB+BC~§-CA) (_.?2)_

bciQ >

. g

0 g 09 - (osm0z) (2-07) :

- - S 2 33 1

do;00, D000 = (4B+BC+CA) 02 ‘KV;T6)
2 2

¥, 29 : (c-e)(c‘ )

v & (AB+BC+CA) >

2 : .

o (oz-0;)

—f = (AB+BC+CA) —2—2—

2

2 q >0 (o5-0)(0=0,) . . "
—E— - —E— _ (AB/BC+CA) b __
ca 63 60’3662 | O‘é |

>0, (o,-0,) | '

—E& _ (4B+BC+CA) —L—

205 <’

Cdnsider now the effect of chéngeé Aci(k) - 56&(#) + 6ikk) Aty

in the g during the 1nterva1 t <t =<t These induce corréépondQ

Kl

ing changes in the values of Ty ég and °°g/°°i and, thus, in the value

.D . . i P _ LD
of €. To estimate this change, let Aei(k) = & Atk be .calculated by
use of a linearized Taylor series about the stress statevoi = i(k)‘

. (VI.7)

In this expression the dtk corresponds to a preliminary estimate of the
value of Atk. This arises Becausetof the éomputéfional struchire

p
of CYGRO - the effective compliance for a time step represents the sum

of the elastic compliance and the Ycreep compliance.” Thus, the creep
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computations include an estimated time step. The validity of this

estimate is the subject of an analysis presented later in this section.

To compute the terms in the summation appearing in (VI.7), consider

its explicit form

: : 2
d
gg__f_gépdtk i _2‘353 _b_pd_t.km pﬁgbc’ A
jop boy | ey B 2 §(x) 5 go1 | 2Oy R 2 i) g2 %) ooy i)
(VI.8)

The first summation on the right hand side of (VI.8) can be written as

, Pode
-E-)E-g- g %—— pd—zk Ao.(k) = EEEE);E-_ 'Ek g E’E Ac.(k) (VI.9)
09, j=1 g. 8 J 0o, 0 % j=1 bcj J

The second summation depends on b2cg/bcibcj. To simplify its presenta-

tion, let
P ;'VA'B.+.BC +
while
Q= Oy = T3(x)
% = O5(x) - %1(x) - (1

= 0k) T %k
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This notation transforms the seéond summafion 6h %he figﬁt'hand sideyof

(VI.8) to the form

2
de, 3 d° ¢ dt, 3
P _k g _F_ .p_k
€ 2 J.}=:1 bcibcj_ f""’j(k) ._ 02 Ll 2 ‘351 Q QJ. A"j_(k) | .. | (VI.lrl)

Returning now to (VI.7), the results of (VI.9) and (VI.1ll) provide the

expression

v bO’ - - 3 .t . . : ‘ T .
p _&. _ v op. dt [.12
Bes(y) = %, eg|°ha Bty + j'i:l Pis 09500 9ty (VI 1 )
in which the Pij take the form
.D
de. 00 do
P, =% J—g-FEJ,E-'eP Q Q. i (VI.13)
J bcg 0oy 95 e,z g i : ‘ ‘ o

These are the terms of the "creep compliance.! -

Accuracy of computations requires that the second term in (vI.12)
be small compared to the first term. Thus, if the second term is to
be smaller than a fraction Vﬁ of the first term dtk, and thus Aﬁk,

must satisfy

éP

5 v, | B T G

L&

P.. &, '
;13 k) ) y :

o

MM

J

The cocfficient V_ is provided with the program input.
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In the CYGRO-4 creep representation the creep resulting from

"thermally activated" creep mechanisms is¥*

R 1) R
.t d d )
eg(og,h) = Q h o (VI.15)
with h determined by solutibn of the differential equation
| L de Wy Rr v ’ '
A( aph) Qb "o “-aq n . - V(Vl'.Lb)”

To estimate the effect of strain hardening on the creep rate ég, (V1.16)

can be approximated by ﬁhe linearized differerice equation

R, W R’
A a d 4b r An '

This has the solution

& wd R-J:' -
(Quh o -Q. h7)at
z =

Ah =~
1-& @R g nd g g ‘th>
" Ba @ h g - R Q)

(VI.17)

Application of the same procedure to Ae;/At gives

) W
d _d An
Og (1 + Ry )

+t - d L
fiﬁ R, W R(Quh " g, -Q h7)at

at - R, W, R
L

¥ This representation is the same as that used in CYGRO-3 (See
Section II.L of Reference 4) but the notation has been changed to a

less cumbersome form.
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This provides the basis’ for:a time step limit based on strain .

hardening ' for it‘°é¢an be expresséd in the -form

—£Llon%e Y 145 .

Restriction of Aﬁk to values for which |8] < §* is'equivalent to -

restricting Atk to

At < hé* L
'k Rd wd Rr Rd wd Rr ¢
Ry|(Qy b 9, - n )| + 8*(R Qb 9, ~R.Qh")

(v1.18)
The coefficient &%.is provided with the program input.

The terms of the inelastic cqmplia.nce matrix are of the form
.Eij +‘P§j.de, where 't.:he'Ei‘j a;e the terms. of the'éiastié'compliance
matrix and the P§jAaccount forlthe effects of creep and densification.
Thus, for a different time'increment, pdt, the inelastic compliance
matrix is Eij +p Pij dtK. In the course of camputations fhe estimated
time step, dtk, may be found to be too long or too short. If the
acceptable time step, p dtk, is sufficiently close to the estimated time
step, the inelastic compliance matrices for the actual - and_.the estimated -
-time steps will be essentially the same. When this is not the case,

the size of the step must be 1imited or the computations for the step

mst be repeated. To establish criteria for determining when the time
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step must be limited or the qompu@at%on mist be repeated{ canidg; the
effect of the size of the time step on the largest diagonal component
of the inelastic compliance matrix. If the change in the size of

the time step results in a sufficiently small changg inAthéé component,
no recomputation is necessary. Té bewprecise, let thé acceptable change
in the -component be R times thg‘value cémputed fgr timg step dtx?

where R is a user specified ratio. Thus, the time step pfdtK‘gan.use
the inelastic flexibiiity matrix computed for the time step dtk if p

' satisfies the inequalities N
(1 - R)(E;; + PX, d'tk) SE;; + p PY, df < (1 + R)(Eii + P dtK)

for all the diagonal entries. of the inelastic.compliance matrix. These

inequalities can be rearranged to

Fig + Piy Yl c . <14R By VPL 9
PX. dt- P-= + 5 P at.
ii K 11 Kk .

1-R (vI.19)
whegever P?i dﬁk > 0. For Pfi = O thie original inequalities are

satisfied for all values of p.

The inequalities (VI.19) mean that the change in the compliance .
matrix limits the time step to

B+ P;fi dtk. .
My S by U0 = [1+R T, db, dt, s+ .o . oo (V1.20)
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while the cémputations for the time step are of suitable accuracy for

Bis * PRy %
B = P A= |1 - B S dt, . (VI.21)
e B & Sk S o

At temperatures encountered in nuclear power reactors, deforma-
tion rates in crystalline materials are governed by the process' of “self
diffusion® in which an atom of the material migrates through the crystal

lattice. The temperature depepdence:qf self diffusion is essentially

i . ,
N o

D = D_ exp(-Q/RT) (VI.22)

where T is the'tempefétﬁré (in degrees KeiViﬁ), R = 1.984 cal/°K mole
is the universal gas constant, Q is the "activation energy" for thé

material, and D, is the rate factor.

To estimate the effect of changes of temperature, consider the

derivative

-i‘P-_D"Qexp("—Q .
dT RT2 RT

By use of this expression, one can see that a charige AT in temperature

results in a corresponding change in D approximated by’

D QAT. /N .
AD = —2—— exp@%) .o (VI.23)
RT
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When this is expressed as a fractien of the rate D($R) at a reférence

temperature T = Th

Thus, to produce a given ratio p = AD/D(T), the increment of temperature

is gpproximately

(vI.24)

This expression indicates that, to a first approximation the change in
the diffusion rate ;s.lggsvthan”pD(TR) for Aj <:AT*(T) given by (VI.24)1
This provides a converiient limit on the size of a tegperatufe>in¢rement
in a numetrical analysis once the ratio“p and the referepce temperature

$R are defined,
For uranium dioxide (U02) Q is given in Reference (17) as

Uo. = 95,000 cal/mole
05
while for g-zirconium (o-Zr), the largest - and thus most restrictive -

estimate of Q given in Reference (18) is _

Q

=T = 52,000 _.cal/mole -
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Due to the form of (VI.24) the values of D_-are immaterial in the

present context.

Assignment of a valug for the‘referenge_tempe;ature;'TR, is a
matter of judgment. A reasoﬁaﬁ;e.value'caﬁiﬁe ﬁased on the observation
that creep in Zircaloy becoﬁes rapid at te;pérdlures above one half the
o to B phase transition temperature, . Thisﬁtraﬁsition tgmperature.is given
in Reference (19) as ‘863 * 3°C.. Even this kind of reasoning does not sug- .
gest a reference temperature for uranium dioxideu Accorq;ngly,'it'woﬁld

appear productive to use a temperature at, or above , the highest temperatures

for which in-pile data exist = about 2500°§ (4532fF)._

For temperatures above T = Ty the limit imposed by (VI.24) is
very restrictive. For this reason, at such temperatures it is more
jpracticai to use‘a limit derived from (VI.22) and (VI.23). Thus,.

consider the.ratio AD/D(T) given by

D(T) ~ AE% e
RT

To produce a given ratio. p = AD/D(T) the increment of . temperature is

: 5 . .
pRT

A (T) = B2 . . (vI.25)

A limit on the size of the time step can now be derived from

(VI.24) and (VI.25). When the temperature is T, and the rate of change
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of temperature is TK, the effect. of temperature change on deformation

rates will be suitably bounded for

pRTZ/Ql’i‘ |; Tz T,
b = Atthermal pRT [TR-T ] oG
' Q TRT.T_ T, : -

As discussed in this section, cdnsiderations-of'accuracy and the limits
of tﬁe physical processes involved in the deformation of thé'fuel.element~
provide limiﬁs oh the size of the time step taken by CYGRO-4. These
illustrafe.the principle that there are time step limits associated with
each physical process and each mathematical model. While the assignment
of numerical values to these limits requires judgment, the derivation of

the mathematical form of thée limits is relatively straightforward.

In summary, the actual CYGRO-U4 time step dis limited by the end of
the History Interval, by the limits derived as part of the fuel-clad
and rod-support interaction model, by fuel cracking and crack closing,
by *he effect of changes of stress or of strain’hardening, by restric-
tions on the tolerable inaccuracy in the creep cowpliance, and by the
effects of temperature change. The explicit limits are given by defini-
tions (IV.9) through (IV.16), (VI.1), (VI.2), (VI.1%), (VI.18), (VI.20),
and (VI.27). Computations for the time step must be repeated when the

limit expressed in (VI.21) is not met.
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VII. Input
The CYGRO-4 program accepts input data in a form derived from the

form used in CYGRO-3 (Reference 4). In fact, only small changes are

required to transform a CYGRO-3 input deck to CYGRO-4 form.

‘The input data include data needed to control the program or
describe the properties and geometry of the fuel element, and data
describing the reaétberpefating state. This section has two subsections:
the first devoted to the input of the control, property and geometry
data, and the second de%oted to the input of the reactor operating

data.

' The iﬁpﬁt data are supplied in "Bettis Tnput Package Fbrmat"
(see Refefénée.ZO) iﬁ'which the "logiéai'céfasﬁ cén-cohsisﬁ'of one or’
more physical cards or card images. The first ph&sical card of a
"logical card" has a card number followed by a comma. The_dgta fields
on the card éfé sepéfated by commas, and.“logiéal éardé" can be ex-
tended onto severai physicél cards by making the first chéracter'on the
continuation cards be the symbol nyn, Thé data can be Integer (denoted
here by I)'-:ih which the aliowable characfers are "4", MM or tﬂe‘ten'
numerical characteréﬁo through 9 --Alphanumerié (denoted here_by A) - "
in which the allowable characters are any in the FORTRAN charaéter seﬁ
so long as the string begins with a letter or the characters are enclosed
in parentheses - or Floating Point (denoted héré'by F) - in which the
allowable charactérs are "+ of .t followed by numerals withpor without

a decimal point then by an exponential part comprising "+" or *-*
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and the numerals of the exponent of 10. In Floating Point format
the decimal is. assumed to precede the leading set of numerals whenever

the decimal is not given explicitly.

The "logical cards" can appear in any order and two or more
physical cards can have the same "logical card" ,nwnb“e-r._x In that case
only the last appearance of the logical card will be processed.
Supplying a physical card with a card number fo;l.lqwed_ by bla.nz.ks. is thus

eguivalent to removing the preceding "logical card" of the same number,

When it is desired to supply a single entry on a "logical card"
this can be done by preceding the desired entry with suitable “filler
data" - usually Floating Point zeroes (0.0) or Integer zeroes (0),
depending on the required tormat on the Wlogical cg:cf. " Alphganume:'r"iq
*filler data ca..ri be provideq bby .entering a left and rlgh't parenthes-is.

The following subsection has a format intended to si¥nplify the
preparation of input. The significant card numbers appe;-J.I' in numerdical
order in the left hand colum. The entries on the card are then in--
dicated by data ty'pé and name in the followjpg colums .and a brief

explanation of the significance of the variable is included at the

right hand column.

.Since the CYGRO-4 input format represents an evolution from
the CYGRO-3 format a number of CYGRO-3 input data have been suppressed .

or deleted. The CYGRO-4 input rouf:Lne ignores non-zero entries in these
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locations so that CYGRO-4 will execute a CYGRO-3 input deck with minor

revision. When preparing a new CYGRO-4 deck it is best to supply zero

-values in'these locations. Thus, for example card 904 might take the

form

© -904,0.0,0.0,0.0,1.0

Note that'véiués for*the first three entries must be given even though

the program ignores their values.

. A, Détaffof Program Control, Fuel Rod Geometryiand Material

Properties

Card Entry . Type Name

Significance

2 1to8 I KPRINT(i); Controls for output.

(Optional) . i=1,...,8 Edits are suppressed if cor-

) ‘ ’ T responding entry is zero and are
provided if entry is 3. The
entries control the following
‘sets of data.

1.

*

0= O\ Ul A\

Input summary

Creep properties of material
Reactar state

Rod cross-section data

-Temperature and densification

data

Stress and strain data
Porosity data-"debug! use only
Short summary-to replace
output groups 4 through 7

> I | Lo I =~ “ISTART Optionai except when a new
Input Package Case after the
. first is to be the start of a
new analysis, To start new
analysis, set value to 1.
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Significance

900

l‘to 5

4 to0 6

F

Iﬂ

F(i);i?19293 ]

FDOT(4i);
i=1,2,3

SURETM

SURFIIM

Three values of integrated
fast flux (fluence) used in
tabulation of parameters on
cards 26JK. F(1) <F(2) <F(3)

Three fission rates used in
tabulation of parameters on
cards 16JK.

" FDOT(1) < FDOT(2) < FDOT(3)

sSupplants input values of

. coolant temperaturé (cards .-
)9 .r_+10 I

y ) whencver input
value.is %bove,?Z’F.'Useﬂul
for special design evaluation.

Supplants value HWATER on 90U

L e se When non—zero value ie supplied.

Provides for- exped;ent change
of input for special analyses.

904

HWATER -

'Heat transfer coeiilclent at.
' rod-to-coolant interface.

905

DENSRATIO

- TCENTER-MAX

Corresponds to value D, in
Equation V.5. Controls size of
time step based on densifica-

Maximum centerline temperature
allowed. Program stops automati-
cally and printo MAXTMUM
TEMPERATURE if center tem~
perature exceeds TCENTER-MAX.

906

- FPLEN

KPLEN

ALFAEND -

—— T —— - e ——!

~Initial force in plenum spring. .-

Stiffness of plenum spring
maltiplied by fuel stack height.

- "Hourglassing' coefficierit, See” -

R in Equations (IV.21) and
(IV 22).
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Card -. Entry 7 .. Type . Name .. . .. .. .. -~ ,.,..-Sig'lifican_ce.m..‘..; I S
906 .»8”u - .. ENDMWU 'Hourglassing coefficient of
(Cont'd) ' friction. See u_ in Equations

(IV.17) and (IV.18).

907 1 F  SIZERATIO ' Tolerable change in strain in a
: single time step. Serves in
limit on time step.

7. . F MU  Coefficient of friction between
i T fuel and cladding when fuel-
clad gap is zero. See
in Equations (IV.17) ang (1v.18).

8 . _F PCOLL Pressure at which clad collapses.
‘ R "See P in Equation (IV.19).
Not nSQMRAPEE cards 3%99+1 ‘are
supplied.

908 1 F_ FRCOL Friction factor p_ in Equation
(IV.17) relating %he fuel-clad
axial slip force to the excess

~of pressure above Pcollapse'

2. .. . P DTMIN. . . Minimum..time step - .the size: .. . .

' a "trivial" time step - to
‘be taken when conditions
prevent a sizable time step.

2 - F SIGMA Fuel cracking stress-see g¥
in Section III.

. l F ' SUPER Excess compliance associated
S : with a crack. See £ in EBquation
(III.2) et cetera.

7 - F  ECCEN Pellet eccentricity or lodged
‘ chip dimension. See ¢ in
Equation: (IV.22).

8 F- EMISS Fuel emissivity-replaces EMISSF
on card 4002 if EMISSF not
supplied. See Equation (II.26).
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Cgrd Entgy_ .. Type Name Significance
909 1 F RFACTT Tensile anisotropy paraﬁe%er'h.
o - See Equation (II.1) of Reference (4).
2 P 'K'PFACTT Tensile anisotropy parameter P.
3 F RE%QTC ‘_Compressive anisotropy parameter R.
il ~F  PFACTC Cunpressive aniaotropy paramctcr D.
5 ®  XNPRP Control variable-set to 1.0
o for alternative input of material
praparty parameters on cards
1643 and 264J instead of cards
16JK and 26JK.
6 F  KEEPGOING Control variable for "debug" use.
7' FA »CQMPRATIO Corresponds to R in Equations
‘ (VI.19) and (VI.20). Limits
“-change in effective compliance
due to change in estimated
© time step.
8 F MINHARDNS Minimm value of h in *thermal
: creep” representatimn (A.I.5).
910 1 F FMSUP Value of slipping force between
rod and support. See M, and Mé
1n (Iv.0). Nol ueedecd €5 carda
2299+1 are supplied.
2 ‘F FSUP Compressive force acting on rod.
Not needeg ;f cards '595+10.~ICycle
are -supplied.
3 F  KSUP Product of support stiffness
. - times rod length.
6 F _ASUP Ratio of support thermal ex-

pansion to clad thermal ex-
pansion. :
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Significance

910

(Cont'd>:',

- TAXREF

MUAX

Reference temperature in
"excess temperature"
representation of fuel-~clad
axial interaction. Corresponds
to TA in Equation (IV.20).
Férce coefficient in "excess
temperature" representation of
fuel-clad axial interaction.
Correspmds to Hep in Equation
(1v.18).

911

 GAPOVR

. SLIPOVR

FGAPOVR

- FZOVR

FZGMIN
FZSMIN

GAPOSC

GAPLIM

Tolerance for overclosing gap.
Corresponds to d in (IV.10).

Tolerance for reverse slipping.
Corresponds to d in (IV.14).

Tolerance for tensile fuel-
clad radial interaction force.

Tolerance for axial interaction
force above slip lirmit. Cor-
responds to f in (IV.15).

Minimum value of fuel;clad
axial elip forace.

Minimum value of rod-support
slip force,

Value of change in gap size
corresponding to *jump" term

rp(6Vi) above which the change in

gap size is '"softened' to
reduce anomalous temperature
oscillations.

Value of change point in re-
presentation of Q in Equati%n
(IT.27). Nominally 0.48x107- inch.
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Significance

912

N

DTEMPMAX

RATEFRAC

TREH. H

SCJUMP

CRJUMP

Maximum change of temperature
in a time step. Establishes

limit on At, supplementing
(VI.27).

Coefficient in Equation

(VI.27). Establichco tolerable
fraction of nominal rate 1in
controlling temperature changes.

/
Reference temperature for fuel,
See (IV.27).

"pctivation energy" for fuel.
See (VI.27).

" Réference temperature for

cladding. See (VI.27).

"Activation energy'" for
cladding. (See VI.27).

Used in limit on time step based
on "Jjump" in creep rate.

Used in limit on time step
based on "jump" in stress.

91>

CRAKOVR

CLOSOVR

EDOT-ROBOT

Tolerance on cracking stress

used in cracking time step
1limit. Expressed as fraction

of o*. See (VI.1 ).

Tolerance on crack closing used
in crack closing time step
limit. See (VI.2).

Time step limit for '"debug" use.
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Card Entry“'.' ~ . Type Name S e ' Significance-

A3 4 F  EDOT-CYGRO  ~ Corresponds to &* in (VI.18).
(Cont'd) ' , Used in time step limit based

on change in strain hardening.

5 - F NOM-CREEP " Noriinal value of creep rate
serving to soften time step
Sldmit (VILA%).er o -

6 F  NOM-~STRESS Nominal value of equivalent stress
- ' serving to soften time step

limit based on proportional

change in equivalent stress.

7 F  JUMP STRN Fraction of SIZERATIO (Entry 1
' on Card 907) which can result
- from creep strain associated
with " jump" in stress. Limits
size of time step.

8 .~ F  TAU-ROBOT  Time step limit for "“debug" use,

914 1 ~ F ROD SPAN Component of “debug! time
' step limit.
2 "~ F  BOW ERROR Component of *debug® time step
: limit.
T000 - ¢ . T-1 for fuel and I=2 for cladding.
1 F NR(I) Number of radii bounding finite

elements in region I. Note
NR(1)+NR(2) = 32 and MR(I) = 2.

2 P NG Number of gas pore categories
- (fuel only). Value 0 < NG < 5.
If NG = O the 120K cards are
not read.
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Significance

1000

(Cont'd)v

Entry

QQMAX( I)

S.TEN.

Heat generation at full power

‘expressed in terms of original

volume.

‘Surface tension of gas pores

(fuel only).

1001

R3C

RSP

Corresponds to Roo\ln Equations
(V.3) and (V.4). Provides

scaling of cotimated "viscosity.". .

Corresponds to S_ in Equation
(V.2). Accounts ¥or effect of
material "yield stress."

1100

through
JO99+NR

R(K,)

MR cards with K_= 1 to NR(I).
Radius of surfaces bounding
the finite elements in region I,

1200
through
1199+NG

VH(Kg)

Y(Kg)

NHI"(.I{s)

NG cards with'K = 1 to NG.

. Total volume ofgpores in pore

category Kg.

Total volume of region in
pore category Kg.

Number of pored pér unit
volume in pore category Kg'

I300

1l to 3

4 to0 6

RALPHA(R,C,7.)

RV(R,C,Z)

Radial, circumferential and
axial factors for thermal
expansion.

Radial, circumferential and
axial factors of swelling (for
region 1) or growth (for
region 2). :
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Card Entry . .- . -Type Name Significancey ' _
1400 1to3 P ..P(i);i=1,2,3 Three pressures used in tabula-'
: - : tion of RVP(I,J) on cards
16J0. P(1) < P(2) < P(3).
I610 1 . F TEMPT(J) Data for tabulation of temperature
1620 dependence in Region I, J=1, 2 3 4
1630 i "'Tabulatlon ‘témperaturé. -
640 : G : :
.2 . - . B ALPHA(J) Thermal expension coefficient
at TEMPT(J).
3 _ P ET(J) Moculus of elasticity at TEMPT(J).
A - B NUT(J) Poisson's ratio at TEMPT(J).
5 F  CcT(J) Thermal conductivity at TEMPT(J)-
C for clad region only (I=2).
6,7,8 F RVP(i,J); Pressure dependence of fuel
v ‘ i=1,2,3 swelllng at temperature TEMPT(J).
161K, k=1 to 3 for tabulation of
I62K, fuel properties with FDOT from
I6%, card 900 for I=1 and for tabulation
I6LK of cladding properties with F
: - from card '909 for I=2. Not used
if XNPRP on card 909 i3 sct to 1.0.
2 F‘.‘ CFI(K,J) Exponent in creep coefficient
' for thermal creep. See Equations
(A.I.1) and (A.I.3).
3 ' F  SFT(K,J) Exponent of stress in "steady
: » TS state" creep.  See Equation
(A.I1.3).
y- " F PFT(K,J) Exponent in. coefficient of

strain hardening parameter for
thermal creep. See Equation (A.I.1).
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Type. Name
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Significance .. _

I6JK 5
(Cont'da) -

F QFT(K,J)

F  WCS(K,J)

Component in exponent of strain- -

hardening parameter for thermal
creep. See Equation (A.I.1).

creep. See Equation (A.I.1).

641

F CFL(K,J)

Used only if XNPRP on Card 909
is set to 1.0. Twelve values of
C(K,J)-Expenent in creep coef-
Ticient ror thermal creep. See
Equations (A.I.1) and (A.I.3)-
The values are given gso that the
first three values correspond to
the value of TEMPT(1l) given on
card I610, the second three cor-
respond to TEMPT(2) from card

1620, et cetera.

642 .. .. 1.to 12

B GFT(K,J)

Used only if XNPRP on .card.909

is set tn 1.0. Fxponent of stress

in Ysteady state' oreep., See

Equation (A.I.3). See card
. I6L1 for format of card.

6473 1 to 12

P PFT(K,J)

Used only if XNFRP on card 909
is set to 1.0. Exponent in coef-

ficient of strain hardening

paremeter for thermal creep.

See Equation (A.I.1). .See

card I6I1 for format of card.

T644 1 to 12

F  QFT(XK,J)

Used only if XNPRP on card 909

is_set to 1.0. Component in

exponent of strain hardening
parameter for thermal creep.

See Equation (A.I.1). See

card I6L41 for format of card.

-

T

Exponent of stress ih'thérmal
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Card. ... Entry .. .  Type Name . »§iggif;cgnce

645 1 to.12 ‘F WCS(K,J) Used .only if XNPRP on card 909
. e is set to 1.0. Exponent of stress
N in thermal creep. See Equation -
(A.I.1). See card I641 for
format of card.

I700 1 ' F CLIN Coefficient in fission rate-
: : o Co cev o sse - S(for-fuel) or flux<(for clad)- -
_dependent creep rate expression.
See Equation ITH(Y) of Reference 4.

o YR CPOW Coefficient in non-lirear
Co B ' flux dependent creep expression
for clad.. See.Equation.IIH(3) . . .
in Reference 4,

3 ‘ F XPOW Exponent in nonlinear flux de-
. : ‘ pendent creep expression for
clad.
4 , F  EINT Value of e, . used in intrinsic

strain rate expression for clad. -
See Equation ITH(1l) of
Reference 4.

6 " F  ATRAN Coefficient in transient flux
dependent creep of cladding.

7 F  BIRAN Fluence (integrated flux)
v coefficient in transient flux
dependent creep of cladding.

8 B F  FREVSM Scale factor for fuel swelling.
5800 . 1,3,5,7“Tf P TIME Values of +ime in tabulation of
through - ‘ o . i fast flux at full power. Up to
o824 ; ‘ o . 100 values of time can be given.

4 values per logical card.
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. Type Name
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281J

(Cont'd) :

2,4,6,8 " F

FLUX

Significance

Nominal value of fast flux at
full power corresponding to .
‘preceding time. The flux at a
given time is obtained by
linear interpolation of the

~tabulated values. Note that this

differs. from CYGRO-3.

001

Upto . F

" RADIUS

Radii at which relative power
distrittion is to be spooificd
in fuels Dis tribution is uniform
if this card is not supplied.

2003

Up to P

RADIUS

Radii at which relative power
distribution is to be specified’
in ‘cladding. Distribution is
uniform if card is not supplied.

3011
to

3020

TIME

P(r)

Reactor time at which following
power distribution applies. Up
to 10 values of time may be
given. Distribution unchanged
after last time.

Relative power level at each
value of radius given en cards
3001 and 3003%. The p _in
Bquation (IT.1) are the values
obtained by linear interpolation
of P(r) to the radii given on
cards I100 through IO99+N}.
Note that P(r) is relative
power. The program normalizes
the values so that the average
power level is ao spccified by
the average power input..
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Card Entry Significance
3300 1,3,5,7 TSUPMD(i Values of time in tabulation
through of support slip force.
3324 .
2,4,6,8 FSUPMXi Values of support slip force
' corresponding to preceding time.
Supplant. entry 1 on card 910
if given.
3400 1,3,5,7 . TCOLAP, Values of time in tabalation
through ' ‘ of clad collapse pressure.
3oL ‘
2,4,6,8 - COLAPP, Values of clad collapse
’ ” o pressure corresponding to pre-
ceding time. Supplant entry 8
: on card 907 if given.
4000 1 ENG FACT Design factor multiplying con-
ductivity of fuel given by
Equation (II.20).
2 PURE ; CORR Porosity correction coefficient
. B in Equation (II.20).
3 WEIGHT PC Weight fraction of UG,. Used
) in representation of thermal
. conductivity based on input from
T card 4003,
4 DENSITY Ratio of observed fuel density
' to theoretical density.
4001 1 A The term A in Equation (II.20)
has the form A.= AO+A1U+A9
2 Al ' where Uis the weight per cent
of U0, from card 4000.
3 A,
u The term B in Equation (II.20)

has the form D=BO+B1U+$2U2.
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Card Entry .. _Type Name Significance
4001 | 5 F Bl
(Cont'd)
6 F B, j
7 ‘F C The term C in Equation (II.20).
8 F D The term D in Equation (II.20).
4002 1 F Rl Surface roughness of fuel.
Corresponds to Rf in Equation
- .(.II.Q)],.). — e - — -
2 F .R2 Surface roughness of cladding.
Corresponds to R in Equation
(I1.2%).
) 3 F HARD Meyer hardness  of harder surface. -
Corresponds to H in Equation
(IT.24),
h F EMISSF Emissivity of fuel. Corresponds
L to 1/€f in Equation (II,26),
5 F EMISSC Emissivity of cladding. Cor-
~responds to 1l/e¢ in Equation
(1I.26). ¢
6 I . PCONIN Correlation constant allowing for
pressure acting at points of solid
contact even when fuel and clad
are not in contact.
7 F CCRACK Coefficient of crack effect
on heat conduction in fuel.
Corresponds to ¢ in (IIT.12).
8 F  gascon Design coefficient multiplying

value of K .- &iven by (II.ZQ).
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Significance

Card Entry Type Name

4010 1 F

GFG

GI-

NATM

ALPHAFG

_RATIO

ALPHAHE

DE LTAHE

Jump distance for fission gas
at reference temperature and
pressure. Corresponds to Bry -
in Equation (II.30). &

Jump distance for initial fill
gas at reference temperature
and pressure. Correspmds to

.85 in Equation (1I.30).

‘Ratio of initial gap'ﬁolume to

the total volume of initial gap
plus initial plenum size. Coe

Initial pressure of fill gas.

Atoms of fission gas produced
per fission.

. Ratio of rod average fissions/cc

to local fissions/cc. If this

is ‘given as 0.0 the values are -
supplied on the 4020 card series.
This value is used in calculating
the gas released into the plenum
and fuel-clad gap.

Number of helium atoms produced
per fiooion. This is used Lu
calculate ‘ternary fission helium

release.-

Fraction of helium released.
This is used in the calculation
of ternary fission helium
release.

4020 1 to 8 - F
through S :
4029

f
average

flocal

Tabulation of average depletions
(odd numbered entries) to local
depletion (even numbered entries).
Ub to 40 pairs can be given.

" This is used in the calculation

of gas release.
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Signifiééhce

4030
through

L4o=9

1to8 . F  EFPH

f_
average

Tabulation of effective full
power hours (EFPH) as odd
numbered values with average
depletion as even numbered
values. Up to 40 pairs can be
given. This is used in the
calculation of gas release.

o0
through
4olg

1 to 8 F RELEASE
B EFPH

Tabulation of traction of fis-
sion gas release to cffcetive
full powcr hours (EFPH). The
release fractions are given

as the odd numbered entries

and the effective full power
hours are given as even numbered
entries. Up to. 40 pairs can be
given. This is used in the cal-
culation of gas release.

500.L

FISS/POW

T-OR-DES

5 P VVZGR

Fission rate per unit heat
generation rate. The fission
rate is the product of nominal
maximum power level, QiMAX,
from card 1000 and the relative
power from cards 593+10-Icycle.
Design factor multiplying the
amount of swelling given in
swelling tables. Ddes not affect
the aolid fission product com-
ponent of swelling.

Average faat flux for use in
"steady state cladding
growth correlation.

Nominal temperature for use in
cladding growth correlation.
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Significance

5001 ..
(Cont'd)

7

F . CZGR

P FLZ®R

Coefficient of fluence in
cladding growth correlation.

Nominal maximum fluence used.
in cladding growth correlation.

5002

P FRATIO

F  PRATIO

Ratio of fast flux at full
power to nominal values given on
cards 2800 through 2824,

Ratio of heat generation and
fission rate at full power to
the nominal values obtained
from QGMAX on the 1000 card
and FISS/POW on the 5001 card.
This ratio also affects the input
from card 5003 when that card
appears. .

5003

ol

' 'inssion

. 'E ‘~ . .
., Tfission

_Nominal surface heat flux

at full power in Btu/hr ftz.

"Supplants the average heat

generation QGMAX on card 1000
if a positive value is given.
Scaled by PRATIO on card 5002.

Nominal surtace heat flux at
full power from heat generated
by fissions. Used to compute
fission rate at full power if

a positive value is given,
supplanting the results obtained
by use of FISS/POW on card 5001.
Scaled by PRATIO on card 5002.

Energy per fission event.

Used in computing fission

rate at full power. Program

uses default value of 175 Mev/
fission unless a non-zero value

of Efission is given.




Card Entry Type

88

Name

WAPD ~TM=-1300
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6001
through
6005

4 F
(6004 and

6005 (cards
only)

- A(T)

N(f)
(D).

vu(1)

These cards correspond to the
two primary fis¥ion gases (6001
and 6002), helium (6003) and
the two primary volatiles out-
gassed by the fuel.

"Coefficient of gas conductivity.

Corresponds to a; in Fquation (I1.28)

kxponent. of temperature in gas
conductivity. Corresponds to n,

in Equation (TI.28).

Molecular weight of gas. Cor-
responds to Mi in Equation

(I1.29).

Volume of bdiatiie~ga§és

released per unit volume of

fuel. Appears only on cards

6004 and 6005, Used to calculate
the number of atqms of. volatiles.

5020 1 : F

3. © F

T (DEFECT )

_ STEAM' JUMP

- C(OXIDE)

Time at which clad perforation
becomes effective. For times
i;:ate? ﬁhan tgerf%ra ion .

gap conductivity depends
on the steam conductivity re-
presentation of Section IT
rather than the gas conduectivity
represehtation;

TgMpéfdtUre_'ﬁﬁmp dis tance"
for s tedgiar filled gap. Cor-
reeponds to gr.in Fenation (IL.37),

Thermal conductivity of

oxide film on surfaces of
cladding. Used inm calculation
of p_iide 0 Fquation (11.23).
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S;gnlflg_nce

6031

Entry

1,3,5,7

2,4,6,8

F TOXIDE

F - OXIDETHICKi

Values of time in tabulatlon

.of oxide thickness at surfaces”

of cladding (I=1 for inner

surface, I=2 for outer surface.

Values of oxide thickness
corresponding to preceding
time. Used in calculation of

Pogide 0 Equation (11.23).

6040

1,3;5,7 "~

2,4,6,8

F ':'TCRACKi

F SCRACKi

Values of temperature in
tabulation of relative crack-
ing strength of fuel.

Values of relative crack-

" ing strength of fuel (com-

pared to 72°F) corresponding
to preceding temperature.
Used in definition of Equa-
tion (IIL1.5). - :

6045

F BETA

"F -+ ASTAR

F QSUBA

F QSUBB

< .iin EqUation (1I11.8).

Spacing - of po}es at-graln
boundaries- contributing to
cracking. Corresponds to B4

in Equation (III,7).--

Rate coefficient in rate of :
closure of crackzlike pores.

‘Corresponds -to a ..in Equa-

tion (IIIL.8).

"Activation energy' in rate
of cdosure of crack-like

pores. Corresponds to Q

im Equation (111, 8)

"Ac tivation energy in rate

.of closure of crack-like

pores. Corresponds to«Qb

99998

1l and 2

A° SYNONYM

I ) VERSION, 3

Identification parameter for
Restart File allowing re-
start of the problem at a
later date.

' Synonym paramefer for Re=<
start File.

. NN
DS -

.- Version number parameter -

for Restart File,
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Caxd  Engry ~ Type Name ' _Significance
99999 . . 1 S I NBEGIN Case number at which to begin

ER SR restart from a Restart File
written in a previous job.
- Restart begins at beginning
of case.

2 I -NFIRSTCASE Case number of first case
: sl ' stored on Restart File being

restarted. The Restart File

" of a normal job starts at case

> number 2. A Restart File
written on a restart may

" starl with a later casc
number.

3. T | - VERSION . ‘Version number of Reésctart
: : File being restarted.

B. Reactor Operating Data
The reactor opefating history.can be thought of as being divided

1

into a series-of repeatable cycles. The input in an Input Package case
then includes a.number of reactor operating history cycles supplied on the

"ﬁisto.-ry Card" cards., These cards take the form 590+ 10 » I ). * Jiata’

where Icyéic runs frOm.I to-a maximum of 30 and_Jdata takes values from O
through 9.
'Car@a 590 + 10 - Icycie contain o Tnteger entries: Ncyule

and Lbycle' The cycle is repeated a number of times equal to the absolute

‘ A i a; ‘ indi is i last
value of Ncycle negatlve valge of Ibycle indicates that this is the laﬁt
cyole. The cycle consists of L., data. Lbycle must be less than or
equal to 30.

+ i Floati
Cards 590 + 10 Icycle Jiata (Jdata > 0) contain Lcycle oating

Point entries representing the reactor state at the reactor time. The
contents of the cards are as indicated in Table VII.1l. When the logical

card 590 + 10 Icycle +;Jdata cgntalns fewer than eycle entries the
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Table " VII.1
Data .on 590 '+ 10 qucle + Jdata Cards
Card Data
5901 f 10 '.;cycle Coolé?t pressy;gl
592 + ;O . ;cycle - qu}a?t temPerature' i
593-+,19 . Icycle | N ﬁe{ativg_powgr level
.594 +10 * Tooote . Time ipcre@entmfrom last datum
595 +N1O‘- ICycle o _Axial forgehappliéé at_;upport
506 + 10 Icycle Support axial displacement
597 + 10 - Icycle Not used in current version
598 + 10h- Icycle, ﬂ ' Not used in cgrrent»vers;on
599'+ 10 - Icycle . ~ Pressure in fuel-clad gap for use in -

structural calculations
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program assumes that the remainder of the entries are identical to the last
entry. Thus, supplying a card of the form 605, 10.0 results in an applied
axial force of 10 pounds throughout the history cycle and all repetitions

of the cycle.

C. Output Provided to Facilitate Verification of Input

The progrém prints the data used in the‘analysis as de termined
from the input. The l;bels provided with this output are self-explanatory
when they répreéent a recapitulation of the input data, but certain derived
material property data presented at the end of the input edits merit dis-

cussion here.

The data contained on the I6JK card series is used to define the
exact ''thermally activated" creep representations for fuel and clad. The
quantities labeled DED/DT correspond to éd in Equation (A.I.5) and the
quantities labeled DER/DT correspond to the second term in the definition

of h in (A.I.6). These relationships are then used to calculate éd at

og = 1000 psi for various values of strain hardening, h, and to calculate
the 'steady state' value of éd (the value of éd when h = 0) at various

1 of .
values of cé

The exact functional form of %y for the cladding based on Equa-
tion (VI.4) and the input data on card 909 is identified as clad 'generalized

stress' and labeled SG.

Finally, the thermal expansion defined by the input quantities
AIPHA(J) on cards 16J0 is given for various significant values of tem-

peratures generally encountered in CYGRO-4 analyses.

(\\
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VIII. Regults of Cogguta;;opsr
The CYGRO-4 program provides output at each of the History Card
Times - the times defineq;by the time increments given on cards | - -

594 4+ 10 ¢ I The ‘output summarizes the data at the end of the

cycle’
history step.

The first lirie of output includes the number of the history set
in the Input Package case, the pumber of the cycle ip Fhe set, and the
number of the step in the cycle.

' This is followed by a fécap;tulation of the history input and
the reactor data at the beginning and end of the history step. _Thesg
comprisé the qaéntities identified in Table VIII.l.A This output c;n

be suppressed by supplying a zero value for entry 3 on Card 2.

The next set éf dafé’pfévides information on the progress ofqﬁﬁél
problem and gives ihe values of Variables'which have a single value éf
each rod cross section. These are enumerated in Table VIII.2. Values -
are givén for.the‘beginﬁing ana'end of the history step. This output

can be suppressed by supplying a zero value for entry 4 on Card 2.

The next set of data displays the results of computations for
each of the finite element rings. This set is divided into fuel and
clad regions (KM=l and KM=2). Each finite element boundary is then

indicated by its radius number - KR. The significance of the variables



Variable
DTIME

QG/QGMAX

T(WATER)
P(WATER )

I"JUP .. MAX

FIS.RATE

DEPLTN

F.FLUX
FLUENC
P(GAP)

DP CULAPS

WAPD-TM-1300

Table VIITI.1 Reactor Data

Units

Hours

°F
Psi

Deameda

Fissions/ccesec

Fissions/cc

Neutrons/cma-sec
2
Neutrons/cm

Psi

Psi

Significance. .

Length of history step.

Relative power level. Actual power
level is obtained as the product of
the nominal powér and the relative
power.

Waler temperature.
Waler wressure,

Mognitude of oubport forco for whioch
slipping will occur.

Volume averaged fission rate in fuel.
Stated in terms of original fuel
volume.

Volume averaged depletion of fuel.
Stated in terms of original fuel
volume.

Fast flux.‘

Time integrated fast flux.
Pressure in.the fqel-clad gap.
Current value of clad collapse

pressure. See P in Byuation

(1V.19) collgpse



95 : WAPD -TM-1300

Table VIII.2 Problem and Cross Section Data

Variable - - ~Units -~ . Significance .
TIME Hours History time summed. from the history

time increments. .

KTIME . - The number of program controlled
o T - “time - stéps.

DIROB™ " Hours ' ° - - Thé most restrictive time step for
which special purpose output can be
provided with interpolation.’ This
is controlled by the input variables
EDOT-ROBOT and TAU-ROBOT on Card 913
and ROD SPAN and BOW ERRCR on Card

914,
DD(M) “ 1077 inch , Chango in fuel diameter from initial
e T " gize. .
F/C GAP 10"3 inch Fuel-clad radial gap;
DD(C) 1077 inch Change in clad diameter from initial
o . L. sigze. S ,
FCONR . Pounds/inch Fuel-clad radial interaction force.
FCONZ ' -~ - ©Pounds " Fuel-clad axial ‘interaction force.
FSUP Pounds B Roopsupport'oiial interaction force.
EZ(M) 1077 'inch/inch  Fuel axial strain.
EZ(c) 1077 ineh/inch ~  Clad axial strain.
ESUP 10-3 inch/inch Support axial strain.
ESLIP o 10"3 inch/inch . Sllppage between rod and support.
EPSGZ(C) 103 inoh/inch  Axial component of flux induced

growthh in clad.
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is indicated in Table VIII.3. -This output is suppressed whenever .the .,

A fifth.entry on Card 2 is set to zero..

. A second set of tabulated butput follows. As before, the region
is indicated by the value of KM, while the finite element index is.KE,_
The-wvariables reported.in this set are listed in Table VIIT.4. This set

is not printed if entry 6'oﬁ Card 2 is set to zero.

For debug purposes, the resultsvof'densificatipn calculations
are printed when entry 7 on Card 2 is given the vaiue 3.' Ihese4qata

are explained in Table VIII.5. o

When short, sﬁmmary‘output'isldesired this can be obtained by
assigning the value 3 to the eighth entry on Card 2. This results in
the output of the variables labeled TEMP,RADIUS , TAVE, EV, VII, 3R, 5C, SZ, H,
CREEP-R,CREEP-C, and CREEP-Z with the significance indicated-in Tables:
VIII.% and VIII.%. Since this data duplicates that given in other sef(:s,_t
of data, the user will probably want to get it only when those sets are .
suppressed.

The final block of'data iﬁélu&es the variables listed in Table‘
vIII.6. -

At the end of each Input Package Case the progfam reports a set

of data for that case and for the rod history up to the end of the case.
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Teble VEIL.3 Materialo Data“and Temperatures .-

Variable Dimensions ¢ Significance e ot

TEMP =~ - ©°F » T % 7 ‘Temperature at radius’ KR.

RADIUS Inches . Radius of boundary KR between

S * finite elements (KR-1) ‘and KR.

DED/DT Inchés]&noﬁfnour ! Tota;.generalized creep strain rate,
ded/dt.

DH/DT = 17 - Rateof change of strain hardening
dh/dt - see Equations (VI 16) and
(A I 6)

H - ‘ . Strain hardening - see Equations

‘ : (VIi15) and (A.I:5).

CPB:c v f.Psdi . v . . % Hydrostatic!. comporient .of stress
([G +c52+c'\/3)

TAVE oR Temperature at mldradlus of flnlte

. e e e ', €lement. : A
EV Inj/j_n3 Volume strain - ( /v ) - 1.
o 0 L orlglnal . A
VH InB/in3 Por081ty (fuel only)
VH(i);i=1, Inj/in3 Por051ty in pore category i (fuel only)
.05 o7 : el e ‘ " « K H fed A
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Table VII.4 Stress and Strain Values in Finite Elements

PRt e T LW N e oL R v |

Variable Units . Significance
ET-6 Psi x 10?6 Proguct of elastic modulus and factor
- 107,
SR } Psi - o Radial component of stress - @, -
SC . Psi , A Circumferential.component of stress -
Gé-
32 o . Pai ) _ Axial ocomponent of stress - Oy

SG ‘ fsi o o Generalized stress - cé} See Equation

(VI.%),

EPS«R o 1b’§-ingh/ingh 'Rgdiél component of total strain.

=5

EPS-C 10" inch/inch . . . Gigcumferential compoment of total strain.

ELAS-R 1Of3 inch/inch Radial component of elastic strain.

ELAS-C 10"’3 inch/inch Circumferential component of elastic
strain.

ELAS-Z © 7107 inch/inch Axial component of elastic strain.
N g? ¢ . . ’ 7‘«.
CREEP-R 10~ Lrch/iuch Radial component of crcep otrain.

CREEP-C v 1013 inch/inch Circumferential component of creep
strain.

CREEP-7Z 107> inch/inch Axial component of creep strain.

A-THRME, 10> inch/inch Nominal thermal strain. To find
individual thermal strain compeonents,
use factors given in entries one through
three on Cards 13Q0 and 2200.

CRACK - For finite elements in the. fuel,.
the pregsence of eracks om surfaces
of constant radius, on surfaces of
constant aximathal angle, or on
surfaces of comsltant z are indicated
by 1%s in the appropriate colum -
L, 2, or 3.
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Table VIII.5 Debug Output”for Densification Calculations e
Variable M 'Siglzlificance
PA Psi The valﬁe of -2y/rp from Equation (V.2).
SGAVE - Pai ' The nominal average generalized stress |

R (L A L e
- w:Lth th¢ pore category.

SY Psi The value of S, in Equation (V.2).
sc Psivseceinch/inch  The value of 1 in Equation (V.2). -
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Table VIII.6 Miscellaneous Results of Computations

Variable

F-Z(COLLAPSE)

F-Z(HOURGLASSING)

P-7({ EXCESSS3=T) -

F-Z(PELLET ECCENTRICITY)

STRAIN COMPARISONS

FORCE BATANCE

COMPARTMENT F,/CC

AVERAGE F/CC

EFPH

GAS RELEASED

HGAP

Significance

. Cdﬁduétaﬁbe of.fuél-ciaa gap.

Pértion 6f fﬁel—clad aXial slip
force arising from clad collapse.
See Equations (IV.17) and (IV.18).

Portion of fuel-clad axial slip force
arising from pellet hourglassing.
See Equation (IV.17) and (IV.18).

Portion of furlerlad axial slip- - — -
force arising tfrom the "éxcess tem-
perature" representatlon See Equatlon
(Iv.18). ' :

Portion of fuel-clad axial slip force
arising from fuel eccentricity or -
lodged chips. See Equation (TV.18).

Differences between strains and values
of strain computed from the deformation
mechanisms represented in the program.
These provide indications of the l
adequacy of ‘the convergence limits

in use. _ -

Difference betwea the camputer finite
element "node point'" forces and the
values of these forces, computed from
the stresses in the finite elements.

Average depletion of cross-section

' expressed in terms of initial inLexual

volume of oladd;ng

Average depletion of rod expressed
in torme of iwilial wolume of fucl.

Effective full power hours.

Moles of gas released from fuel into
fuel-clad gap .and rod plenum.
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Variables for the present case ;ncluq? the number'pf pim?s ggdh'time

step limit determined‘thé éize.of the'pimeistep; fhe»highestAfuel‘cenF?rf{
ling temperatgre, the\lérgest yalué oﬁ'éengra}i?ed stregs? cé, gnd the
most poéiti§e valge of hoop-n (circumfereptialq) lstress.at.the inside

of the clad. variablés reﬁorted.for the problem ippludg the maximum .
diameter shrinkage, ﬁhe maximum diameter increase, and the most extreme
values of discrepgncies between'total‘sprains and ﬁhe vglggs_gf tptal
strain calculéted ffqm the combination.of,elaﬁtic—,_thermal-, creep-, .
growth- or'swelling- and cracking- strains. This prc;vides an'“indication

of the adequacy of convergence limits 'used in the'problem.
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Appendix I, CREEFP RATE REPRESENTATION

This appendix compareé thé'form of the CYGRO-4 creep rate
fepresentéiion with the representation bf'CYdRO—B éﬁd bresén£s>cef£ain
limits on the values of the creeD rate pérameters;A:Thé-ihportant boini
to uﬁdérstand'is that the CYGEO—uicfééP rate model is the sémé éé fﬁét

in CYGRO-3: The only change is in the form of the equations.

'As indicated in Reference (4), the CYGRO-3 computer Drogram
represents ém, the "thermal creep” component of deformatlon rate, by

: - 10(C-3u-PLG-w]/Q) 62 p(Gw)/Q - - (A.I.T)

where C, G, P, @, and W are input material property parameters, cg
is the effective stress, and h is the strain hardening. The strain

hardening changes at the rate

h=¢, - ¢ . (A.1.2)-

i

Steady state. creep occurs for h 0. By definition, thls occurs at

C-36 G

10" ) (As1.3)

e(stead_y state) B

Solution of (A.I.1), (A.I.2) and (A.I.3) gives

b, - 10(C-B6/Q) \G/Q (A.T.4)
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In CYGRO-4 the. "thermal cgéep" component of deformation'réte is

represented by
€, = Qq B o ;i. LT (A(I.5)

where Qd' Rd and Wd are input material property parameters, cé_is the

effective stress, and h is the strain hardening. The strain hardening

changes at a rate-

. Ry W R
‘h=gh o, -Qnh T . S (A.I.6)

Comparison of (A.I.5) with (A.I.1) shows that Qg+ Ry» and W, -

are related to C, G, P, @, and W by

o - 0EIEEWR) (L)
4 - L e T
ERACOZ re)
- EI
Wg =W . (4.1.9)

‘Furthermore, comparison of (A.I1.6) with (A.I.l),’(A:I.Z)’aﬁd (A.I.4) shows

that Qr and Rr are rélated to C, G,'P, Q, and W by

QT = 10(C-PG/Q> - . (A.I.lO)
and

Ro-c . (ara1)
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Alternatively, C, G, P, Q,'and W can be expressed in terms of.Qd, Q},

Rd’ Rr’ and Wd by
(log, , Q,+3W )R - ﬁ log
c = 10 4 d hr - Rd 10 Qr ‘ . (A.I.lz)
T d
G =R_W,/(R - Rd).- . ST s (A.1.13)
=+ [log, (Q./Q ) + 3¥ - :
P [log o(Qu/Q,) *+ 30 )/ (R -R ) (A T.24)
Q = W,/(R-R,) o (A1)
and
Mo W, Fe o | S (A1a6)

Equations (A.I.12) through (A.I.15) have a zero denominator for R, = R,.

However, EQuations (A.I.3) and (A.1.11) show ‘that for finite Q thls ean
occur only if W = Wd = 0. This corresponds to the case‘where ém given
by (A.I.1) and éd given by (A.I.5) are independent of stress - a mean-
inglend oace.
Since &

(steady state ) glven Ly (4.1.3) mqullncroaso as ﬂg increases,

G must be positive. Similar reasénihg from (4.I.1) and (A.I.4) shows that
W, -w>0 (A.1.17)
Use of (A.I.17) in (A.I.13) thus leads to

R/(R-R) >0 . ’ (A.1.18)
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Returning to (A.I.5) and reasoning that a strain hardening material will .

have hég/bh,s 0, we see that
R. <0 , (A.1.19)

for materials of interest in practical fuel rod analysis. Moreover,

since éd = 0,

Q >0 ) . (AGT.20)

= 0 implies

Finally, the fact that h will 6rdinarily not increase when éd

Q 2 o .. - (a.I.21)
The results presented in (A.1.17) through (A.I.20) constitute sighifiéént
limits on the:values QdT.Qr’ Bd, Rr, and wd. They form the-bag;é fo?;}

checks~onqthe‘§élue550f~parameters'used in computations..



LISTING OF INPUT DATA FOR CASE 1 -CYGR U REWMA D 05/13/.77 CFANTMP PAGE 1
= TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4)

901

11 Xtpuaddy
00 E€T~KI~advM

0001 900, 0.0 , 2.6+420 ,2.0+21 , 1.0+12 , 2.6+13 , 1.0+14 !

0002 904, 0.0 , 0.0 ,0.0 . 1.045 ) ,

0003 905, 5.0-1 , 0.0 ,0.0 , 0.0 , 0.6 , 0.0 ,0.0  ,1,0+4

0004 906, 0.0 , 0.0 ,0.0 , 0.0 , 0.0 , 0.0 ,0.0  ,0.0 . : .
0005 907, 1.0-3 , 0.0 ,0.0 , 0.0 ' , 0.6 , 0.0 1.0 ,2.0+3 | : : .
0006 908, 2.5-1 , 1.0-53 ,2.5+« , 1.0+4. , 0.0 , 0.0 ,0.0  ,0.0 B

0007 909, 2.3 , 3.3 ,2.3 , 3.3 -, 0.0 Y 0.9 ,0.2  ,1.0-B - _

0008 910, 0.0 , 0.0 ,1.0 , 0.0 , 0.0 L, 0.0 0.0 ,0.0 - S ..
0009 911, '1.6-6 , 1.0-6 ,1.0-2 , 1.0 * ,71.0-6 , 1.0-9 ,1.0-5 ,4.8-4 '

0010 912, 1.0+2 , 1.0-1 ,4.0+3 , 9.5+4° , T.6+2 , 5.2+44 ,5.0-1 ,5.0-1

0011 913, 1.0-1 , 1.0-4 ,2.5-1 , 1.e-1 , 1.6-3 , 1.0+3 .,1.0-2 ,1.5-1

0012 914, 1.5+1 , 5.0-5 , o

0013 1000, 1.1+1 , 1.0 ,0.0 , 0.0 , 6.0 . 5.08+4 ,0.0 ,2.885-3

0014 1001, 1.0-2 , 1.0-10 -

0015 1100, 0.0 -

0016 1101, 5.0-3 >
0017 1102, 1.0-2 ]
0018 1103, 1.5-2 B
0019 1104, 2.0-2 g
0020 1105, 3.0-2 o
0021 1106, 4.5-2 b
0022 1107, 6.0-2

0023 1108, 8.0-2 -
0024 1109, 1.0-1

0025 1110, 1.25-1 : : »
0026 1200, 0.0 , 0.0 ,0.0 , 1.0-2 , 1.0 0.0 ,0.0 ,1.64+8 g
0027 1300, 1.0 , 1.0 ,1.0 , 3.333-1 , 9.333-1 ., 3.333-1 8
0028 1400, 0.0 , 6.043  ,1.0+4 . —
0029 1610, 5.0+2 , 4.86-6 ,2.53+#7 , 2.91-1 , 2.7-1 ., 1.6 .,1.06 ,1.9 ®
0030 1611, 0.9 \=7.9 ,1.0 ,~4.5+41 , 2,641 , 1.85+] ' o
0031 1612, 0.0 ,=6.6 ,1.0 ,—4.5+1 , 2.06+1 , 1.85+1 pd
0032 1613, 0.0 ,=5.9 ,1.0 ,—4.5+1 , 2.6+41 , 1.85+1 - o
0033 1620, 2.25+3 , 6.21-6 ,2.16+7 , 2.91-1 , [.87-1 , 1.0 ,1.0  ,1.0 5
0034 1621, 0.0 i tT.7 ,1.43 ,-3.4+1 , 2,041 , 1.85+1 " . 3
0035 1622, 0.0 ,~6.8 ,1.23 ,—3.4+1  , 2.0+1 , 1.85+1

0036 1623, 0.0 - ,-6.1 ,1.28 ,~3.4+1  , 2,0+1 , 1.85+1

0037 1630, 5.0+3 , 7.45-6 ,1.16+7 , 2.91-1 , 4.4-2 , 1.0 ,1.0  ,1.0 1

0038 1631, 0.0 , 2.64 , .81 ,—8.0 , 2,041 , 1.85+1

0039 1632, 0.0 , 1.56 ,3.06 ,~8.0 , 2,041 , 1.85+1

0040 1633, 0.0 , 7.2-1  ,5.06 ,-8.0 ., 2.0+1 , 1.85+1

0041 1640, 5.0001+3, 7.45-6 ,1.16+7 , 2.91-1 , 4.4-2 , 1.0  ,1.0 ,1.0

0042 1641, 0.0 , 2.64 ,4.81 ,-G.0 , 2,041, 1.85+1

0043 1642, 0.0 , 1.56 ,5.06 ,-8.0 , 2.0+1 , 1.85+1

0044 1643, 0.0 , 7.2-1 ,5.06 ,~8.0 , 2.0+1 , 1.85+1

0045 1700, 0.0 , 0.0 .9.0 , 0.0 , 0.9 . 0.0 ,0.0  ,1.0

0046 2000, 6.0 , 0.0 ,9.0 , 0.0 , 6.0. . 0.0 ,0.6  ,0.0

- 0047 2100, 1.28-1

0048 2101, 1.3255-1

0049 2102, 1.3710-1

0050 - 2103, 1.4165-1

0051 2104, 1.4620-1

0052 2105, 1.5075—1 :

0053 2300, 1.0 , 1.0 , 1.0 ,~7.22-1 ,-1.1-2 , 7.88-1

6054 2610, 5.50+2 , 4.9-6 ,1.135+7 , 3.25-1 , 7.08-1

0055 2611, 0.0 ~1.287+1 ,3.80 ,—6.95 , 2.04 , 1.85+1

0056 2612, 0.0 ,=1.414+1 ,4.71 ,=6.52 , 1.39 , 1.85+1

0057 2613, 0.0 ,~1.523+1 ,5.52 ,—6.07 , 6.4-1 , 1.85+1



LISTIRG OF INPUT DATA FOR CASE 1
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0058 ' 2620, 6.50+2 , 4.39-6 ,1.085+7 , 3.25-1 , 7.4-1
0059 - . 2621, 0.0 -1.184+1 .3.8 »-5.58_ . 2.04
0060 2622, 0.0 -1.336+1 ,4.71 1—4.66 " 1.30 X
006 1 2623, 0.0 1-1.479+1 |5752 '~3.78 -, 6.4-1 .
0062 2630, 7.50+2 . 4.39-6 ,1.035+7 . 8.25-1 . 7.83-1
0063 .. 2631, 0.0 I 1.277+1 .3.8 1-4.61 2,04 ,
0064 2632, 0.0 T_1.257+1 .4.71 -3.16 . 1.30 .
0065 2633, 6.0 1-1.218+1 .5.52 1~1.85 " 6.4~-1 .
0066 2640, 7.501+2 ., 4.59~6 ,1.035+8 ., 8.25-1 ., 7.73-1
0067 2641, .0.0" -1.D77+1 ,3.8 1-4.61 . 2.04 -,
0068 2642, 0.0 Lo1.257+1 .4.71 1-3.16 " 1.30 .
0069 2643, 0.0 "~1.418+1 .5.52 1-1.85 L 6.4-1 .
0070 2700, 2.928-25. 2.46-37 .4.0 P 1.0-4 . 0.0 .
0071 2800, 0.0 » 1.2+14  ,2.0+4 L 1.2+14

0072 4000, 9.5-1 . 231 '3.0-1 P 9.6-1 :
0073 4801, 6.5219 .-7.B628+1.2.13518+2. 1.1585-2, 1.4715-1,
0074 4002, 3.2+1 . 4.4+1 J1.245. . 3.5-1 . 3.0-1
0075 4010, 2.18-5 | 2.44-4 '3.26-1 . 1.0 y8l1=1
0076 4020. 0.0° . 0.9 Y1.20+21 . 1.20421 @ ¢

0077 . 4030, 0.0 0.0 12.4+4 » 1.10+2]

0078 . 4040, 0.0 , 9.0 .1.0-3. , 4.0+3 =, 4.0-3 -,
@079 4041, 2.0-2 . 1.6+4 .3.2-2 , 2.044 , 4.2-2
0080 5001, 2.987+8 . 0.0 ‘0.0 V1.0 y 1.0+14
0081 6001, 3.768-5 . 4.5703+1,1.313+¢2 -

0082 6002, 2.168-5 , 5.5121+1,8.38+1

0683 6003, 1.445-3 . 4.1659+1,4.003

0084 6004, 1.2514-3, 4.5068+1.2.0159 , 4.4-3

0085 6005, 1.5116-4, 4.6223+1.2.801+1 . 1.76-2

0086 , 6020, 1.0+5 ., 0.0 10.79 ,

0087 6031, 6.0 . 0.0 ‘1,045 _ , 0.0 ;
0088 6032, 0.0 . 0.0 ' 1.0+5 . 0.0

0089 6040, 5000.0 . 1.0 ,

0090 6045, 8.0-5 , 1.0+9 ,1.049 -, 0.0 -

0091 600, 1 -4

0092 601, 9.0 " 2,043 ,2.0+3 , 2.0+3

0093 602, 7.8+1 , 6.536+2 ,6.536+2 ., 6.543+2

0094 603, 0.0 1.062  .1.120 T 1.202

0695 604, 1.0-2 . 3.654 ,B8.60979+2, 7.88379+2

0096 609, 0.0 .

661 LOCATIONS USED BY INP TABLE/LIST ARRAY .
99 LINES WRITTEN TO POST PROCESSOR

**************************$**********************************************************************************************x***

THIS JOB HAS IDENTIFICATION PARAMETERS--CSTR1 I.D.

JOB CARD I.D. CFANTMP, USER NEWMA, DATE 77,0513 , TIME 14.05.27 ,
RESTART FILE ID =%A?7133. 14.05.27 NEWM, VERSION = S

-CYCR U FKEWMA D

1.85+1
1.85+1
1.85+1

1.85+1
1.85+1
1.85+1

- 1.85+1
©1.85+1

1.85+1
0.0 , 0.0

-3.6054-1,1.8+3
0.0 10.90
‘0. e .,3.3-8

ACCCY4 , CSTR1 VERSION 1,

MACHINE A

v1.0-2

,6.1642

J1.244 -
,1.0-24,2.0+21

“v

CSTR1 DATE 770501,

05/13/77 CFANTMP

LINK DATE 05/12/77

PAGE

2

ddy

IT XTpu®e
00€T~-WI-AdvM

**********************************************************************************************************%******************
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TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4)

F(1)
0.

0
0.

DERSRATIO

5.0600E-01

9.
0.

SIZERATIO
1.0060E-03

FRCOL
2.5000E-01

RFACTT

2.3000E+00

FMSUP

0.

CAPOVR
1.0000E-06

DTEMPMAX
1.0000E+02

CRAKOVR
1.0000E-01

ROD SPAN
1.5000E+061

F(2)
2.600DE+20 .

S 69 ©0 o

0.

" DTMIN

1.00G0E-05

"PFACTT

3.3000E+00

FSUP
0.

SLIPGVR
1.0000E-06

RATEFRAC
1.6000E-01

CLOSOVR
1.0900E-04
BOW ERROR
5.6000E-05

FUEL PROPERTIES

NR
1.1900E+01

RSC
1,0000E-02
RAD IUSCKR)

.

.0900E-02
.500GE-02
. 090OE-02
.0900E-02
.50G0E-02
.0000E-02
.0000E-02
.000CE-01
.2300E-01

—_—_ AR W= =S

.0DGOE-03

NG
1.0000E+00

RSP
1.0000E~10

SCOOOOOPODSS

F(3)
2.0060E+21

OO OO Oo° ©e©°

SIGHA
2.5H00E+€E4

RFACTC
2.3P00CE+€O

KSUF
1.0Z260LE+G0O

FCAFOVR
1.0300E-a2

TREF-F
4.0900=+63

EDOT-ROBAT
2.54002-a1

0

.

[N~

.

COOOOOCOOISOOS® ©

P 00 OO

POOOOOOORPOS®

FDOT( 1)
1.0000E+12

HWATER |
1. 0000E+05

SUFER
1.E00GE+04

PFACTC
3.3000E+00

o
0.

FZZVR
1.3000E+00

Q-F

9.5000E+04-

EDAJT-CYGRO

1.9000E-01 "

0.

« o & o =

CO0EcCe0O060S ©

FDOT(2)

2.0000E+13:

0
0.

o
0.

FPLEN
0.

0

0.

o

0.
XNPRF
0.

0

0.

FZGMIN
1.0060E-06

TREF-C
7.0000E+02

NOM-CREEP

1.00Q0E-05

o
0.

[~X-]

.
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FDOT(3)
1.0000E+14

1]
0.

0
0.

KPLEN
0.

KEEP GOING
0.

ASUP
0.

FZSMIN
1.0006E~09
Q-C
5.2000E+04

NOM-STERESS
1.006G0E+03

(']
0.

QCMAX
5.0800E+04

.

COPOOOOOOOSOSS® &

.

SURFTM

0
0.

0
0.

ALFAEND
0.

My
1.0000E+00

ECCEN
0.

COMPRATIO
2.0000E-01

TAXREF

0.

GAPOSC
1.0060E-65

CRJUMP
5.06000E-01

JUMP STRN
1.0000E-02

SOOOOe®

.

SURF ILM

0
0.

TCENTER-MAX
1.6000E+04

ENDMU
0.

PGOLL

2. 0900E+03

EMISS
0.

MINBARDRKS
1.0000E-08

MUAX

0.

GAPLINM
4.8D00E-04

SGJUMP
5.0POOLE-01

TAU-ROBOT
1.5D00E-01

e

0.

S.TER.
2.8350E-03

COOOOOOOOOOSe® ©

900
900

904
904
905
905

9206
906

907
907

908
908

909
909

910
910

911
911

912
912

913
913

9214
914

1000
1000

1001
1001

I11JK

1100 -

1101
1102
1103
1104
1105
1106
1107
1108
1169
1110

801

11 Xypuaddy
00 €T-W1-AdvM



TEST PROBLEM FROM CYCRO-3 DCCUMENT (REFERENCE 4)

0
RALPHA(R)
1.0000E+00

P(1)
9.

B
5
2

. 0000E+02
.2500E+03
.0000E+03

.0001E+-03

T OO0OU OOOU: COON O0OUS

CLIN
0.

0 .
RALPHA( C)
1.0000E+00

P(2)
6.0000E+@3

ALPHAT(J)
CFT(K, J)

4.8600E-06.-

=7.9000E+00

T -6.6000E+00

~5.90006E+00
6.2100E-06

=7.7090E+00 *

-6 .8000E+00

. ~6: 1000E+00

7.4500E-06
2.6400E+0D
. 5600E+0D

.4500E-05
.6400E+09
.5600E+09
. 2000E-01L

RTS8 CRN TN PN

CPOW - -
Q. - . ..

CLAD. PROPERTIES

NR:. .

6.0000E+00
RADIUS(KR)
1.2800E-01
‘1.9255E~-01
1.8710E-01
1.4165E-01

1.4620E-01
1.3073E-01

RALPHA(R)
1.0000E+00

TEMPT(J)
53.5000E+92
0.

9.
9.

. -

NG -
Q. -

o000 ®

RALPHA(C)
1.0000E+00
ALPHAT(J) :
CFT(K, J)
4.9090E-06
-1.2870E+01
-1.4140E+01

-1.5230E+01

.2000E-01

o

RALPHA(Z)
1.0000E+00

P(3)
1.0000E+04

ET(J)
GFT(KX, J)
2.5300E+07
1.0000LE+00
1.0000E+00
1.0000E+00 .

2. 1600E+07
1.4300E+00"
1.2300E+060
1.2300E+00

1.1600E+07
4.8100E+00
5.0600E+00
5.0600E+00

1.1600E+07
4.8100E+00
5.6600E+60
5.0600E+00

XPOW
0.

SOOSOCe o9

RALPHA(Z)
1.0000E+00

ET(J). .
€FT(K, J)"

1.11350E+07
3.8000L+00
4.7100E+00
5.5200E+00

VH(KG)
1.0000E-02
RV(R)
3.3330E-01

(]
' R

NUT(J)

PFT(K,J)

2.9100E-01
-4.5900E+01
-4,5000E+01
-4.35000E+01

2.9109E-01

-3.4000E+01

-3.4000E+01

-3.4000E+01
2.9109E-01

-8.0000E+00
~8.0000E+00
-8.0000E+00

2.910DE-01
~8.000DE+00
-8.000DE+00
~8.0002E+00

EINT
0.

.

OCOOOS OO

9.
0.

RV(R)
~-7.2200E-01

NUT(J)

PFT(K,J) -
3.250GE-01
-6.9506E+00
-6.5200E+00
-6.070GE+00

" V(KG)

1.0000L+00

RV(C)
3.3330E-01

o
Q.

CT(J)
QFT(K, J)
.7000E-01
.0B00E+01
.0000E+01
.0900E+01

MONN

.3700E-01
.0000E+01
.0900E+01
.0900E+01

.4900E-02
.0000E+01
.0000E+01
2.0000E+01

NNNAE NN -~

4.4000E-02 -

2.0000E+01
2.0000E+01

2.0000E+01

o
0.

SOOeSe OO

. .

S

RV(C) - - -
-1.-1000E-02

CT(J). -
QFT(X, J)
7.0800E-01
2.0400E+00
1.3000E+00
6.40060E-01

CASE

o

RV(Z)
3.3330E-01
.

0.
RVP(1,J)
WCS(K. J)
1.0000E+00
1.8500E+01

1.8500E+01
1.8500E+01

1.0000E+00
1.8500E+01
1.8500E+01
1.8500E+01

.0000E+00
.8500E+01
.8500E+01
.8500E+01

Pttt ot

. 0000E+00
.8300E+01
.8500E+01
.8500E+01

Pttt

ATRAN
0.

QGMAX
0. . .

cooee®
Dbt

9. .
RV(Z) - -
7.3300E-01

RVP(:1,J)
WCS(K,J)
0. - o
1.8500E+01
1.8500E+01
1.8500E+01

SO ©990900® ©O

T e®

-1 -CYGR

0

R

°
0.

0
0.
RVP(2,J)

']
1.0000E+90
1.0000L+00

1.0000E+00

1.0000E+60

BTRAN

=g

VP(2,J)

U REWMA D
NHTC KG)
1.6400E+08
0. ..

[
0.
RVP(3,J)

o

1.0000E+00
1.0000E+00
1.0000E+00

1.0000E+00

FREVSM
1.0000E+00

g

. o

S 00O OOeSe om

4

RVP(3,J)
0

05/13/77 CFANTMP

12JK -

1200
1300

. 1300

1400
1400

16JK

1700
1700

1000
2000

I11JK
2100
2101
2102
2103
2104
2105

1300
2300

16JK

11 xypuaddy
. 00€T-WI-advM
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TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4) CASE -1 -CYGR U NEWMA ‘D 05/13/77 CFARTMP PAGE
6.5000E+02 4.390€E-06 1.0830E+07 :3.2500E-01 7.4000E-01 ©. 0. 0.

6. -1.1840E+01 3.8000E+00 -5.5800E+00 2.0400E+00 1.8500E+01 .

0. -1.3366E+01 4.7100E+00 -4.6600E+00 1.30600E+00 1.8500E+01

9. -1.4790E+01 5.5200E+00 -3.7800E+00 6.40GOE-01 1|.8500E+01

7.5000E+02 4.5906GE-06 1.0330E+07 3.2500FE-01 7.33GOE-01 0. : 0. 7]

0. -1.0776E+01 3.8000E+00 -4.6100E+00 2.94GOE+00 1.8500E+01

0. —-1.2570E+01 4.7100E+00 -3.1600E+00 1.3000E+00 1.8500E+01

0. -1.4180E+01 5.5200FE+00 -1.8500E+00 6.4000E-01 1.8500E+01

7.5010E402 4.5900E-06 1.0350C+08 3.2500E-01 7.7300E-01 0. 0. 0.

0. -1.0776E+061 3.B000E+00 -4.6100E+00 2.9400E+00 1.B8500E+01

0. -1.2570E+01 4.7190E+00 -3.1600E+00 1.3000E+00 1.8500E+01

9. ~1.4180E+01 5.5290F+00 -1.8500E+00 6.31000E-01 " 1.8500E+01

CLIN © CPOW . XPOW EINT 0 ATRAN BTRAN 0 1700
2.9280E-25 2.4600E-37 4.0000E+00 1.0000E-04 0. 0. 0. Q. 2700
INPUT VALUES OF FAST FLUX AT FULL POWER WITH CORRESPONDING REACTOR TIMES.

0. 2.0000E+04

1.2000E+14 1.2000E+14

INPUT VALUES OF MAXIMUM SUPPORT SLIP FORCE WITH COFRESPONDING REACTOR TIMES.

[ 1] '

1.0000E-09

INPUT VALUES OF CLAD COLLAPSE PRESSURE WITH CORRESEONDING REACTOR TIMES,

0. '

2.0000E+03 ‘

RADIT FOR POWER DISTRIBUTIOY IN FUEL REGION ONE 3001
OPTIONAL CARD NOT .SUPPLIED :

RADII FOR POWER DISTRIBUTION IN FUEL REGION TWO 3002
OPTIONAL CARD NOT SUPPLIED
RADII FOR POWER DISTRIBUTION IN CLAD 3003
OPTIORAL CARD NOT SUPPLIED*
TIME POVER DISTRIBUT:ON- . 301K
DEFAULT CASE. UNIFORM RADIAL POWER DISTRIBUTION.
ENG FACT PORE CORR WEIEHT PC DERSITY 4000
9.5000E-01 2.1000E+00 3.0000E-€f 9.6000E-01 O. 0. 0. 0. 4000
A0 Al A2 BO Bi B2 C D 4001
6.5219E+00 -7.8628E+01 2.352E+02 1.1585E-02 1.4T15E-01 -3.6054E-01 1.8000E+03 6.1600E+02 4001
R1 R2 HAED EMISSF EMISSC PCONIN CCRACK GASCON 4902
3.2000E+01 4.4000E+G1 1.2000E+05 3.5000E-01 3.0600E-01 0. 0. 9.600QE~01 4002
GFC ci ' G/C+P NATM ALPHAFG F RATIO ALPHAHE DELTAHE 4010
1.9000E+006 3. 1600E-01 0. 3.3000E-03 3.3300E-01

2. 1800E-05 2.4490E-04 3.2506E-01

4010

011

11 xtpuaddy

00 €T~HIL~-AdVM



TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4)

ACD

3.7680E-95
2.1680E-05
1.4450E-93
1.2514E-03
1.3116E-064

T(DEFECT:
1.0000E+65

THICKNESSES

0.
0.

NCD)

4.5703E+01
5.5121E+01
4.1659E+01
4.5068E+01
4.6223E+01

STEAM JUMP
0.

M(D

1.5130E+02
8.C800E+01
4.6G030E+00
2.6159E+00
2.8010E+01

C(GXIDE)
7.9000E-01

AALS Y
0.

0.
0.
4.4000E-03
1.7600E-02

o
0.

CASE -1
0. 0.
9. 0.
0. 0.
0. 0.
0. 0.
0 o
0. 0.

-CYGR U NEWMA D

OF OXIDE LAYER AT INNER SURFACE OF CLADDIRG WITH CORRESPONDING REACTOR TIMES

1.0060E+05
0.

THICKNESSES OF OXIDE LAYER AT OUTER SURFACE OF CLADDING WITH CORRESPONDING REACTOR TIMES

6.
0.

1.0000E+05

CRACKING STRESé RELATIVE TO ROOM TEMPERATURE VALUE AT SIGNIFICANT TEMPERATURES

5.0000E+G3
1.0000E+0@0

BETA
3.00060E-065

AV Fs/CC VS

ASTAR
1.0000E+09

LOC F/CC

.EFPH VS AV F/CC

FR GAS REL
0.
0.

0. :
2.0000E-02

VS EFPH
0.
0.

0.
1.6000E+04

QSUBA
1.0900E+09

1.2000E+21
2.4000E+04
1.0000E-03
3.2000E-02

QSUBB
0.

1.2000E+21
1. 1000E+21
4.0000E+03
2.0000E+04

0.
0.
4.0000E-03
4.200DE-02

AV VS LOC F/CC TABLES CONVERTED FROM COMPARTMENT TO PELLET

0.
0.

1.2583E+21
1.2583E+21

EFPH VS AV F/CC TABLES CONVERTED FROM COMPARTMENT TO PELLET

0.
0.

FISS/POW

. 2.9870E+08 '
EVS(MEAT) .VS F/CC. TABLE .

0.
0.

8.6000E+26

6.3000E-02

2.4000E+04
1.1534E+21

o

. 0.

1.0000E+20
5.0006E-03

9.0090E+20
7.1000E~02

0

. 0.

2. 0009E+20

1.4000E-02
1.0000E+21

8.50D0E-02

T-OR-DES

1.0000E+00

3.0000E+20
2.0000E-02

1.10600E+21
9.5000E-02

VVZGR

.1.0000E+ 14

4.0000E+20

2.7000E-02

1.2000E+21
1.0500E-01

0.
0.
8.0000E+03
2.4000E+04

BASIS
BASIS

TZGRI1

5.0000E+02

TS

5.0000E+20
3.6000E-02

"1.3000E+21

1.2000E-01

9.

0.
1.0000E-02
0.

CZGR

1.0000E-24

'6.0000E+20
_4.5000E-02
1.4000E+21

1.3000E-01

0.
0.
1.2000E+04

FLZGR

2.0000E+21

7.0000E+20
5.5000E-02

1.5000E+21

1.4400E-01

05713777 CFANTMP

600K
6001
6002
6003
6004
6005

6020
6020

6045
6043

402K
403K
404K
4020
4030
4040
4041

5001

. seor

PAGE

11 xjpuaddv
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TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4)

1
1

2
2

END OF CARD PROCESS INGH¥KER¥RAKCERERARAKKRFERARKRIRKAE AR R K RFERR K RIKRR KRR ERKERAHRAR KRR T RARKERRRIRKR AR FARK KRR KKK KA AR KK

.6000E+21
.5060E-01

.4000E+21
.7T300E-01

okt

[\R &

.7000E+21
.7060E-01

.5000E+21
- 9060E-01

(.80005+21
1.8500E-01

2. 6000E+21
3.0500E-01

1.9000E+21

2.0000E-01,

2.7000E+21
3.2300C-01

2.0000E+21
2.1500E-01

2.8000E+21
3.4060E-01

CASE -1 -CYGR U NEWMA D 05/13/77 CFANTMP

2.1000E+21
2.3000E-01

2.9000E+21
3.6060E-01

2.2000E+21
2.4500E-01

3.0000E+21
3.7760E-01

2.3000E+21
2 5700E-01

7

(481

11 ¥Tpuaddy
00€T-WI~aAdvM



. TEST PRCBLEM FROM CYGRO-3 DOCUMENT (REFEFENCE 4)

FUEL AND CLAD CREEP AND THERMAL EXPANSION REPRESENTATIONS.

FUEL THERMALLY ACTIVATED CREEP RATE'
OF FISSION RATE AND : TEMPERATURE

TEMPERATURE

500

2250

5000

5000

TRANSIENT CREEP AT 1000PSI EXPRESSED IN TEFNS OF THE HBARDENING PARAMETER H
TEMPERATURE  KF ‘ ”

509

2259

5000

5000

FISSION RATE

DED/DT
DER/DT

DED/DT

DER/DT

DED/DT

DER/DT

DED/DT
DER/DT

¢

W~ WN=

LN =

W

4.6 13E-59%1H¥k(
8. 664E+04XHEX(:

' N -

AW G =

1.679- 103%H¥%(
2. 239E-06:kHk*(

6 -030E-93%H¥* (
5. 383E-06 % Hxx(

4.6 13E-59xH**(
3.664E+04*H**(

EDOT(1.E-5)

.259E-43
.512E-42

.259E-41 .

.440E-32
.219E-32

.B39E+00
.058E-02
.859E+00
v05BE—02

.536E-33

.499E-01 .

.499L-01 .

.050)
071)
.240)

.240)

EDOT(2. ES)
. 6.864E-44-

1.370E-42
6. 864E-42

1.957E-33

7.917E-33

3.968E-32 .

2.401E+00

. 2..196E~-01

3.175E-062

2.401E+00
2.196E-91
3.175E-02

DED/DT,

- . 853} %SCxx(
- . 684) ¥SC¥x( 18 5)

=.684)*kSGkx(

1.00LE+12 FISSIOOS/CC.SEC

- .873)%SCx%( 18.5)

CASE

AND HARLENING RECOVERY RATE,

“

2.00E+13 FISSIONS/CC.SEC

3.350-102%Hxx%(

4.467E-05%H%X(

l\‘8'.‘5):i

2. 193E-92:%Hk:#(

1. 954E-05*B**(

18.5)

EDOT(5.E—5)

3.079E-44

6.143E-43

3.079E-42

.952E-34
.589E-33
.799E-32

~ Q00

.282E+00
. 187E-01
.715E-02

—

1.282E+00
1.187E-01
1.715E-02

EDOT(I.E—4)

4. 831E-60*H*x(
© 3.837E+03%Hxxk(

4.831E-60xHxx(
3.837E+03%xHk*(

1.679E~44-

3.350E~43

. 1.679E+42

4.955E-34
1.972E-33

9.886E-33-

7.980E-01
7.447E-02
1.076E-02

7.980E-01
?.447E-02

‘1.076E-02

ASYMPTOTIC (STEADY STATE) CRDEP RATES . EXPRESSED AS A FUNCTION OF - STRESS

TENPERATURE  KF

508

2259

1
.2
3

6.
1.
6.

EDOT(5 E+2)

295E-09
256E-07
293E-07

EDOT(I.E+3)
© 1.259E-08

2.512E-07

© 1.259E-06

EDOT(2 E+3)
‘2.518E-08

5..024E-07

. 2.518E-06

EDOT(5.E+3)
;'6.295E-08

1.256E-06

" 6.295E~-06

.

bbb b

-1 ~CYGR U REWMA D

-.B75) XSGk (
.050)

~.863)%SCx¥( 18.5).
.061)

-.672)%SC¥x( 18.5)
.253)

=.672) *SGxkx( 18.3)
.253)

EDOT(2 E—4)

9.154E-45
1.826E-43
9.154E-43

2.742E-34

1.084E-33

- 5.433E-33

.965E-01
.756E-03
.965E-01

.674E-02
.756E-03

'EDOT( 1.E+4)
. -1.259E-07

2.512E-06
‘1. 2539E-05

18.5)

. 674E-02 .

EDOT(5 . E-4)
4.106E-45

8. 192E-44
4.106E-43
1.254E-34
4.914E-34

2.463E-33

2.652E-01

2.5258-02
3.650E-03

2.652E-01
2.525E-02
3.650E-03

_EDOT(2. E+4)

2,518E-07

. 5.024E-06

2.518E-05

1.679-10 IXH¥*(
2. 239E-04 Mk

1.099L-9 1xHk(
9. 795E- 05K Hk (
6.982E-6 1xHX(
5. 546E+02%Hok(

6.982E-6 1 kH¥x(
5.546E+02%Hx%(

05/13-77 CFANTMP

.030)

.061)

EDOT(5 . E+4)

6.295E-07
1. 256E-05

 6.295E~05

DER’DT, REPRESENTATIONS AT TABULATED VALUES .

L 1875) %SC¥k(

PAGE 8

1.00E+14.F1SSIONS/CC. SEC

'18.3)

- 863)*Scax( 18;5)

—.672) *SCx¥(° 1859

.253)
-.672) *SGx*x( 18.5)
.253) -
v -
G
EDOT(1.E~3) ° EDOT(2.E-3) ."
2.239E-45 1.221E-45
4.467E-44 2.436E-44
2.239E-43 1.221E-43
6.942E-35  3.842E-35
2.701E-34 1.484E-34
1.854E-33 .  7.446E-34
1.650E-01 1.027E-01>.£
1.585E-02 . . 9.947E-039 >
2.291E-03 1.438E-035 &
=
1.650E-01 1.027E-018 B
1.585E-02 9.947E-03X%
- 2.291E-03 . 1.438E-03_ I
.‘ ) N e H 8

EDOT( t 'E+5)

1
2

1.

.259E-66
.512E-65
259E-04



TEST PROBLEM FROM CYGRO-3 DOCUXENT (REFERENCE 4) CASE -1 -CYGR U NEWMA D ©05/13/77 CFANTMP PAGE 9
1 . 7.405E-99 1.995E-03 5.376E-08 1.993E-07 5.370E-07 1.447E-06 5.364E-06 1.445E-05
2 ' 6.757E-08 1.585E-07 3.718E-07 1.147E-06. 2.692E-06 6.313E-06 1.949E-05 4.571E-05
A 3  3.386E-07 7.943E-07 1.863E-06 5.751E-06 1.349E-05 3. 164E-05 9.766E-05 2.291E-04
5000 _ _
B 1 1.556E+01" 4.365E+02 1.224E+04 1.005E+06 2. 818E+07 7.906E+08 6.487E+10 1.820E+12
2  1.088E+00 3.631E+01 1.211L+€5 1.250E+05. 4.169E+06 1.391E+08 1.435E+10 4.786E+11
- 3 + 1.573E-01 5.24EE+00 1.751E+02 1.806E+04 6.026E+05 2.010E+07 2.074E+09 6.918E+10
5000
1. 1.556E+01 4.365E+02 1.224E+04 1. 005E+06 2.818E+07 7.9C6E+08 6.487E+10 1.820E+12
2 1.088E+00 3.631E+01 1.211E+63 1.250E+05 4. 169E+06 1.32 (E+08 1.435E+10 4.786E+11
3 1.573E-01" 5.248E+00. 1.751E+62 1.806E+04 - 6.026E+05 2.010E+07 2.07T4E+09 6.918E+10.
¢ ' ' t . b -
CLAD THERMALLY ACTIVATED CREEP RATE, DEM/HT, AND HARDENIFG RECOVERY RATE, DER/DT, REPRESENTAT:ONS AT TABULATED VALUES
OF FLUENCE AND TEMPERATURE o ) ‘ .
‘ " FLUENCE 0. NEUTRCNS/CHx*2 P 2.60E+20 NEUTRONS/CMx*2 . 2.00E+21 NEUTRONS/CM:t%2
TEHPERATURE A P ' : ‘ : . .
550 DED/DT 8.541-119%Hx*( —7.206)%SCk*( 18.5) 1.577—139%Ht*(-10,608) *SCx%( 18.5)1 * 1.455-104*H#%(-20,281) *SCxx( 18.5)
DER/DT 1. 191E+00xM¥x( 1.363) 3.037E+09xHxx( 3.623) _1.330E+37xHxx( 8.625) ‘
650 DED/DT 2.826-108<H¥x( —-7.206) xST%x( 1B.5) 5.107—119%Hxx(~10.608)¥SCk*( 18.5> 1. 114- 147%Hkk(-20.281) *SCx*( 18.5)
- DER/DT 3.582E-02xH¥*( 1,363} 3.338E+03%Bxx( 3.623) 5.494E+17xH4%( 8.625) '
750 DED/DT 8.243- 100xHt*( -7.206)*SC¥*( 18.5) 2,569~102«Htx(-10.608) *SC*x( 18.5) 5.305- 108%Ht*x(-20,281) *SCx*( 18.5)
" - DER/DT 6.565E-03xHx*( 1.B63: » 7.567E-02%H¥x(..3.623) 5.974E+0 1xHxx( 8.625)
750 DED/DT 3.243-100%H%%( -7.206)%SCx*( 18.5) 2.569- 102xHx%(~10.608) *SCx*x( 18.5) 6.305-108%xHx*(~20.281) *SCx+( 18.5)
DER/DT 6.565E-03+Hx*( 1.B63) 7.567E~02xHxx( 3.623) 5.974E+0 1xHxx( 8.625)
TRANSIENT CREEP AT 1000PSI EXPEESSED IN TERMS OF THE HAFDENING PARAMETER H
TEMPERATURE KF  EDOT(1.E-5) EDOT(2.-E5) EDOT(5.E-5) EPOT(1.E-4) EDOT(2.E-4) EDOT(5.E-4) EDOT(1.E-3)  EDOT¢2.E-3)
550 .
- 1 1. 198E-27 8.116E-30 1.10 IE-52 7 .458E-35 5.052E-37 6.E54E-40 . 4.643E-42 3. 145E-44
2  5.449E-31 3.4G2E-34 2.098E-%8 1.345E-41 8.618E-45 5. 178E-49 3.31BE-52 2. 127E-55 ,,
3  1.172E-37 9.2GOE-44 7.818E-52 - 6. I35E-58 4.814E-64 4.€91E-72 3.210E-78 = 2.519E-84 9
650 - g : .
1 9.563E-17 6.477E-19 8.783E-22 5.953E-24 4.032E-26 5.470E-29 3.705E-31 2.510E-93 5
2 1.764E-10 1.131E-13 6.794E-:8 4.354E-21 2.791E-24 1.677E-28 1.675E-31 6.386E-35 B
3 8.977E+09 7.0<5E+03 5.985E-05 4.698E~11 3.686E-17 3.182E-25 2.458E-31 1.929E-37 [
750
' 1 1.097E-08. - 7.432E-11 1.003E-13 5.830E-16 4.626E-18 €.276E-21 4.251E-23 2.800E-25
« 2 .B.B73E+06 - 5.687E+03 ' 3.417E-01 2. 190E-04 1.404E-07. . 8.433E-12  5.40GE-15 3.464E-18
3  5.081E+49 3.987E+43 3.383E+35 2.659E+29 2.087E+23 1.773E+15 1.391E+09 1.092E+03
750 -
1 1.097E-08 7.432E~-11 1.003E-13 6.836E-16 4.626E-18 6.276E-21 4.251E-23 2.880L~25
2  8.873E+06 5.687E+603 3.417E-91 2. 190E-04 1.404E-67 8.433E- 12 5.405E-15 3.464E-18
3  5.081E+49 .3.987E+43 3.38BE+35 2.659E+29 2.087E+23 1. T73E+15 1.39 1E+09 1.092E+03

ASYMPTOTIC (STEADY STATE) CREEP RATES EXPRESSED AS A FUNCTION OF STRESS
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TEST PROBLEM FROM CYGRO-3 DOCUMENRT (REFERENCE 4)

TEMPEBATURE KF EDOT(S.E+2)

9.685E-15
2.768E-16

550
Y
2
: 3
650
S i
2
3 .
750 ‘
1
2
. 3 -
750
. 1
2
3

1.283E-17

1.038E-13
1.668E~15
3.534E-17

1.219E-12
1.028E- 14
1.440E-16

1.219E-12
1.028E- 14
1.440E-16

1.349E-13
7.244E~ 15
5.888E-16

1.445E-12
4.365E-i4
1.622E-15

1.698E-11
2.692E-13
6.607E~15

1.698E~-11
2.692E-13
6.607E~15

CLAD *GENERALIZED STRESS* REPRESENTATIONS

FOR SC.CE.SR,
FOR SC.LT.SR, SC =

SC =

.BITH(SR-SC) ¥%2 +
3597*(SR=SC)**2 +

EDOT(1.E+3)

 EDOT(2.E+3) -

1.879E~12
1.8%6E-13 -
2.762E-14

2.013E-11
1.142E-12
7.442E- 14

2.365E-10
7.045E- 12
3.032E-13

2.863E-10
7.043E-12
3.032E~13

.3@3*(SC—SZ)x*2 +
.393*(SC—SZ)**2’+

4.768E-11

FUEL THEBMAL EXPANSION CALGULATED FROM THERMAL EXPANSION COEFFICKENTS

TEMPERATURE 80
EXPANSION 38.9
TEMPERATURE 1760
EXPANSION  8816.0
TEMPERATURE . 3440
EYPANSION

CASE -1 -CYCR
EDOT(5.E+3)  EDOT(1.E+4)
6.111E-11 - 8.511E=10
1.420E-11 ©  38.715E-10 -
4.249E-12 1.950E-10
6.548E-10 9. 120E-09
8.554E-11 2.239E-09
1. 170E-11 5.370E-10
. 7.693E-09 I.072E-07
5.274E-10 1.380E-08
4.768E-11  2.188E-09
7.693E-09 1.072E-07
+5.274E-10 1.380E-08

2.188E-09

.211%(SZ~SR) ¥%2) ¥%0.5
.21 1%(SZ-SR) ¥%2) ¥%0. 5

U NEWMA D

EDOT(2.E+4)

1.186E-08
‘9.724E-09
8.947E-09

1.270E-07
5.859E-08 -
2.464E-08

1.492E-06 .

3.613E-07
1.004E-07

1.492E-06
3.613E-07
1.004E-~07"

05-13-77 CFANTMP

EDOT(S5.E+4)

3.856E-07
7.280E-07
1.407E-06

.131E-06
.387E-06
.875E-06

. 854E-05
.703E-05
.579E-05

.854E-05
.705E-05 -
.579E-05

Y CI T N

-

(EXPANSION STRAINS MULTIPLIED BY 10%%6)

260 320 440 560 680 800 926 1040
622.1 1205.3 1788.5 2373.1 2967 4 3572 8 4189 3
.18ge 2000 2129 - 2240 2360 - 2480 2600 2720
9521 4. 10237 9 10965<u 11704.3 12452.2 13206 6 13967 4
3560 3680 : 380@ ‘3920 4040 : 4160 4280 4400. -

CLAD THE“MAL EXPANSiOH CALCELATED,FROM‘THERNAL‘EXPANSION COEFFICIENTS.

TEMPERATURE ‘80
EXPANSION 9.2
TEMPERATURE 360
EXPANSION 1411.2
‘fTEMPERATURE . 640
EXPANS1ON 2762.5

END OF lNPUT****************?*******************************************************************************%#*******Y**X**Y

100
137.2

380
1599.2 -

660

120 140
235.2 333.2
. 400 - 420
1607.2 1705.2

680 700

‘160 -
431.2 529.2

440 460
1803.2 1901.2

720 © 740

180

1160 1289

-2840 2960

4520 4640

1400 1520

4817 o 5455 7 6105.5 6766.5 7438 6

3080 3200

14734.8 15508.7 16289.1 17075.9 17869.3

4760 4880

19475.5 20288.3 21107.7 21933}5»22?65.8 23604.6 24449.? 25301 . 7 26160.0 27024.8 27896.0 28773.8 29658.1

(EXPANSION STRAINS MULTIPLIED BY 10**6)

200 220 240 260 280
627.2 725.2 823.2 921.2 1019.2

. 480 500 520 - 540 560
1999.2.°2097.2 - 2195.2 2293.2 2390.9
760 780 800 820 840

300 . 320
1117.2 1215.2
580 600
2486.9 2580.8
360 880

PAGE 10

EDOT( 1.E+3)

.370E-06
.905E-05 .
-457E-035

. 754E-05
. 148E-04
. 778E~-04

e OR A=

.761LE-04
.G79E-04
.244L-04

.761E-04
.079L-04
. 244LE-04

AN NN

ST1

1640
8121.8

3326
18669.2

5000
30548.8

. 340
1313.2

620
2672.7

11 xtpuaddy
00€T~KWI-qdvM -

200

2850.7 2939 3. 3028 7 3118. 9 3209.9 3301.6 3393 4 3485 2" 3577.0 3668.8 3760 6 38o2 4 5944 2
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TEST PROBLEM FROM CYGRO-3 DOCTMENT (REFEIENCE 4) CASE -1 -CYGR U NEWMA D 05/13,77 CFANTMP PAGE
SRk kok RO R N RR R R Nk Kok SR koK R R R R R KR K******** % ******x*******x******************x***ﬂI‘~‘TORY SET 1, CYCLE NUMBER 1, STEP
DTIME QG/QGMAY T(WATER) P(WATER) FSUP.MAX FIS.RATE - DEPLTN F.FLUX . FLUEKRCE P(GAY) DP COLAPS
9. 72.00 Q. .0 0. 0. 0. 0; - 0. 2000
. .0100 9. 78.00 0. .0 0, 0. 0. 9. 2000
TIME KTIME DT-ROB DD(HM) F/C . GAP DD(C) FCONR FCONZ FSUP EZ(M EZ.2) ESUP ESLIP © EPSGZ(C)
0. 0 0. 3.00 0. 0. 0. 0. 0. 9. 9. 0. 0.
.010 1 1.0E+05 .01 3.00 .01 0. -.0 .0 .03 .03 .03 -.00 0.
KM KR TEMP RADIUS DED/DT DH/DT H PB TAVE EV VH VH( 1) VH(2) VH(3) VH(4) - VH(S)
1 1 78 0. 1678-169 -89125-66 160060-067 -0 78 -.00000 .01000 .01000 0. 0. 0. 0.
1 2 78 .906599 1678-169 -89125-906 10000-07 -0 78 -.00000 .01060 .01006 O. 0. 0. 0.
1 3 78 .01006 1678-169 -89125-06 10000-07 -9 78 -.00000 .01006 .61064 0. 0. 0. 0.
1 4 78 .01500 1678-169 -89125-06 10060-907 -0 78 -.00000 .01050 .010G€ O. 0. 9. 0.
1 5 78 .02000 1678-169 -89125-06 10000-07 -9 78 -.00000 .01000 - .010CE 0. 9. Q. 0.
1 6 78 .93000 1678-169 —-89125-06 10000-07 -9 78 -.00000 .01000 .010€C¢ O. 0. 0. .
1 7 78 .64386 1678-169 —-89125-06 10000-07 -0 78 -.00000 .01000 .01060 0. 0. 0. 0.
1 8 78 .06000 1678-169 -39125-06 10000-07 =0 78 -.00000 .01000 .01060 O, 0. 0. 0.
1 9 78 .08000 1678-169 -89125-06 10000-07 -0 78 ~-.00000 .01000 .01000 O, 9., 0. 0.
1 10 78 .1006a 1678-169 -89125-06 10000-07 -0 78 -.00000 .01000 .01000 0. 6. Q. 0.
1 11 78 .12504 ’ ’ : .
2 1 78 .1280¢ 1571-134 -14932-14 10006-07 1 78 @.
2 2 78 1325& 1571-134 -14932-14 10600-07 L 78 0.
2 3 78 .13716 1571-134 -14932-14 166060-067 1 78 0.
2 4 78 .14165 1571-134 -14932-14 10000-07 1 78 @.
2 5 78 .14620 1571-134 -14932-14 1€000-07 1 78 0.
2 6 78 .15075
KM KE ET-6 SR SC SZ SG EPS-R EPS-C ELAS-R ELAS-C ELAS-Z CREEP-R GRELP-C CREEP-Z A-THRML CRACK
1 1 25.3 0 L] 1 r .03 .03 -.00 -.00 .00 o, o. 0. .03 0 0 O
1 2 25.3 0 0 1 1 .03 .03 -.00 -.00 .90 0. 9. 0. .03 0 0 O
1 3 25.3 e o 1 1 .03 .93 ~.00 -.00 .00 a. 2. 0. .03 0 0 9
1 4 25.3 <] 9 1 1 .03 .93 ~.00 ° -.00 .00 a. 9. 0. .03 06 0 0
1 5 25.3 0 (] 1 1 .03 .93 -.00 -.00 .00 a. @. 0. .03 6 0 0
1 6 25.3 o 0 1 L .03 .93 -.00 -.00 .00 Q. . 9. .03 0 0 06
1 7 25.8 o -0 1 1 .08 .B3 -.00 -.00 .00 €. D. 0. .03 0 0 O
1 8 25.3 o -0 1 1 .03 .83 -.00 -.00 .00 €. D. 0. .03 06 0 0
1 9 25.3 a [ 1 1 .08 .03 ~-.00 -.00 .00 e. . 0. .03 0 0 0
1 16 25.83 a -0 1 1 .03 .03 -.00 -.00 .00 e. 9. 0. .03 0 0 0
2 1 11.3 -e -0 -2 2 .08 .03 .00 .00 ~.00 9. 0. 0. .03 0 0 0
2 2 11.3 -G -0 -2 2 .03 .03 .00 .00 ~.00 o, 9. 0. .03 0 0 0
2 3 11.3 -6 0 -2 2 .03 .a3 .00 .00 ~.00 9. 0. . 0. .03 6 0 9
2 4 11.8 -0 0 -2 -2 .03 .63 .00 .00 ~.00 -9, L 0. .03 0 0 0
2 5 11.3 -o o -2 2 .03 .e3 .00 .00 ~.00 9. 0. 0. .03 0 0V
F~Z(COLLAPSE) = 0. F-Z(HOURGLASSING) = 2, F-Z(EXCESS-T) = 0. F-Z(PELLET ECCEN) = 0.
STRAIN COMPARISONS. FUEL-(R) 3.41E-13, (C) 3.27VE-13. (Z)-1.07E-12 CLAD-(R)-1.99E-12, (G!-1.95E-12, (Z) 5.98LE-~12
FORCE BALANCE FUEL CIRC=-8.121E-26 - FUEL AXIAL= §.449E-05 CLAD CIRC= 5.447VE-28 CLAD AXIAL=-1.3580L-04
COMPARTMENT F-/CC= 0. AVERAGE F~-CC= 0. EFPR= 0. GAS REIFASED- ©. HGAP= 1.8273L+00
TIME STEPS  MIN= 100000-01 MAX= 1€3060-01 - AVG= 100000-01

1
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TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4) CASE ~1 -CYGR U REWMA D 05/13/77 CFANTMP PAGE
RRERARS B RRRRRE IR EEERRRERRIRARRE TR R RO R KRRk Rk x kX HISTORY SET 1, CYCLE NUMBER 1, STEP 2
DTIME" "@G/QGMAX T(WATER) P(WATER) FSUP.MAX - FIS.RATE - . DEPLTN F.FLUX FLUENCE P(GAP) DP COLAPS
o e.. 78.60 0. .0 0. . 0. D 0. 0. 2000
. 3.6540 . 1.0020 . 653.60  2000.60 .0 ‘1.5204E+13 1.0000E+17 1.2024E+14 7.9084E+17 0. ¢ 2000
° TIME KTIME DT-ROB DD(M) F/C GAP DD(C) FCONR FCONZ- FSUP EZ(M) EZ(C) ESUP ESLIP EPSGZ(C)
.010 1. , .01 3.¢0 .01 0. -.0 .0 .03 .03 .03  -.00 0.
3.664. 60 3.1E+01 - 2.97 1.75 .64 0. ) ) 12.62 2.93 .00 2.93 .12
Ki KR TEMP RADIUS “DED/DT ' DH/DT H PB TAVE EV *VH VH(1) ° VH(2) . VH(3) VH(4) VH(5)
1 1 2815 0. 43664-02 ' 17161-02 15436-02 13069 2813 -.00002 ' .00998 .00998 O. 0. e. - 0. -
1 2 2812 .00568 43181-02 18311-02 14912-62 14828 2607 -.00001 .00998 .00698 0. ‘0. 0. 0.
1 3 2802 .01016 42233-02 20321-02 14004-02 14318 2794 -.00001 .00998 .00998 0. 0. 0. 0.
1L 4 2786 .01524 40817-02 22702-02 12684-02 13470 2774 -.00001 .00999  .60999 O. e, 0. 0.
1 5 2763 .02032 37695-02 25879-02 10078-02 11168 2731 .00000 .00999  .00999 O. 0. 0. 0.
1 6 2699 .G3047 30630-02 26411-62 53346-03 3399 2630 .00001 .01000 ..01000 0. 0. 0. 0.
1 7 2560 .04569 14532-09 -54351-04 19969-05 ~ 3442 2467 .06001 - .01000  .010060 0. 0. 0. 0.
1 8 2374 .06088 41145-05 -79647-06 5275107 -7333 2221 .69001  .01060 .01000 0. Q. 0. 0.
1 9 2069 .68111 36275-72 -52528-03 10000-07 -~ -2 1893 .00001 .01000 .01600 O. 0. 0. 0.
1 10 1718 .10130 11347-73 —63053-05 1D000-07 -4 1484 .00001 .01000 .01000 0. 0. 0. 0.
1 11 1250 .12648 : . . :
2 1 742 .12823 16194-02 16188-02 39666-03 8111 732 .00035
2 2 723 .13280 10108-062 10103-02 22657-03 7792 - 714 .00035
2 3 705 .13737 60754-03 60710-63 12652-03 7300 696 .00035
2 4 687 .14194 35657-03 35620-03 69953-04 6702 679 .00035
2 5 670 .14650 20787-03 20757-03 33832-04 6046 662 00035
2 6 654 .15107 h o S . T
KM KE ET-6 SR’ SC - SZ - EPS-R EPS-C ELAS-R ELAS-C ELAS-Z CREEP-R CREEP-C CREEP-Z A-THRML CRACK
1 1 19.6 -8316 -8316 -28577 20261 16.20 16:20 ~12 w12 -nN21 .73 .73 -1.46 15.33 6 0 O
1 2 19.6 -8168 -7873 -28444 20425 16.12 16.17 .12 .14 . -1.21 .69 .73 -1.42 15.29 0 0 @
1 3 19.6 -7864 -6941 -28150 20763 15.96 16.12 .12 .18 -1.21% .62 72 -1.33 15.21 0 0 0
1 4 19.7 -7383 -5420 -27607 21273 15.72  16.04 .11 .24 -1.21 52 .70 -1.21 15.¢8 0 0 0
1 5 19.9 -6025 -1571--25909 22445 15.24° 15.85 ) .39 - -1.19 .33 .64 -.96 14.81 0 0 O
1 6 20.2 -2118 10560 -18639 25360 14.20° 15.44 - .01 .82 -1.04 .03 .44 -.47 14.16 6 0 0
1 7 20.8 -6 2.-10323 - 10321 18:27 © 14.95 .14 14 - -,50 -.01 .01 -.00 13.12 6. 1 0
1 8 21.7 -4 3 22001 2200r 11.29 14.25  -.30 -.30 1.02 -.00 ~.00 .00 11.59°01 0
1 9 22.4 -2 4 3 6 9.60° 13.40 -,00 © .00 .00 .00 .00 -.00 9.60 0 1 1
1 106 23.2 =1, 6. 6 7 7.249 12.38 -.00 .00 - .00 .00 -.00 . -.00: 7.24 0 1 1
2 1 10.4 ~259 -14786 ' -9287 9505 4,26 1.87 - W72 -1.12 =.42 .25 -.30 .06 3.18 ¢ 0 0
.2 2 10.5 —~741 -14271 -8363 8977 3.97 1.94 .63 -1,07 -.33 . 14 -.19° .00 3.09 0 0 ©
"2 3 10.6 -1170 -13436 -7294 8332 3.73 2.60 .52  -1.01 -.24 .07 -. 11 .04 3.01 06000
2 4 10.7 -1542 -12400 -6164 7647 3.51 2.06 .42 -.92 -.15 .04 -.07 .03 2.93 000
2 5 .10.8 -1858 -11259 -5021 6987 3.31, 2.10 .32° -.84 -.07 .02 -.04 .02°. 2.86 000
F-Z(COLLAPSE) %. 0. F-Z(HOURGLASSING) = 0. F-Z(EXCESS-T) "= = 0. F-Z(PELLET ECCEN) = - 0. .
STRAIN COMPARISONS. FUEL-(R)-2.79E-07, (C) 1.18E-05, (Z) 1.29E-05°‘° CLAD-(R) 1.80E-07, (C) 7.22E-07, (2) 1.23E-07
FORCE BALANCE FUEL CIRC=-6.149E-02 ~ FUEL AXIAL=-7.115E-62 CLAD CIRC=-3.154E-01 . CLAD AXIAL=-2.510E-02 :
COMPARTMENT F/CC= 9.9369LE+16 . AVERAGE F/CC= 1.0000E+17 EFPH= 2.06808E+00 GAS RELEASED= 5.2020E-07 ' HGAP= 6. 1890E+00
AVG= 619322-01- : ' - o R -

TIME STEPS

HIN= 985711-03

MAX= 139537+00

12
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MAX= 29B

TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4) CASE -1 -CYGR U NEWMA D 05/13/77 CFANTMP PAGE
KK KRR KRR KRR KK KRR KR ARRKE R KA KA KA REK RAF AR KR FRRRRR KRR KKK KKKk RRRRR KRR RkRkRRxkk%k¥HSTORY SET 1, CYCLE NUMBER 1, STEP 3
DTIME QG/QGMAX T(WATER) P(WATER) FSUP.MAX FIS.RATE DEPLTN F.FLUX - FLUENCE P(GAP)' - DP COLAPS
.1.0020 653.60 2000. 00 .0 1.5204E+13 1.0000E+17 1.2024E+:4 7.9084E+17 e. - 2000
860.9790 1.1200 653.60 2000.00 .0 1.6993E+13 5.0001E+19 1.3440E+(4 3.9542E+20 0. . -2000
TIME KTIME DT-ROB DD¢M) F/C GAP DDCC) FCONR  FCONZ FSUP EZ(M) EZ(C) ESUP ESLIP EPSGZ(C)
3.664 60 2.97 1.75 .64 0. .0 .0 12.62 2.93 . 00 2.93 .12
864.643 222 3.1E+01 3.43 1.34 .31 0. .0 .0 13.98 3.87 .00 3.87 .64
KM KR TEMP RADIUS DED/DT DH/DT H PB TAVE EV VH VH( 1) VH(2) VH(3) VH(4) -  VH(3)
1 1 3624 0. . 11389-05 -42785-02 10000-07 1691 3022 .00041 .00666 .00656 0. 0. 0. -0,
1 2 30620 .00509 11017-05 -40317-02 10000-07 1716 3014 .00046 .00671 .60671 O. 0. 0. 0.
1 3 36008 .01018 10335-65 -35793-02 10000-07 1766 2999 .00056 .00681 .00631 0. 0. 0. 0.
1 4 2989 .01327 94295-06 -29926-02 10000-07 1840 2975 .00073 .00698 .006)B 0. 0. 0. 0.
1 5 2962 .02036 77009-06 -19984-02 10000-07 2006 2924 .00113 .00738 .00738 0. 0. 0. © 0.
1 6 2886 .03053 45678-06 -74993-03 10000-07 2434 2864 .00231 .00856 .00856 0. 0. 0. .
1 7 2721 .04578 651863-06 -14300-03 10000-07 3293 2611 ,00304 .00928 .00928 0. 0. 0. 0.
1 8 2501 .06101 30045-09 -97441-65 10000-07 -3446 2322 .00375 .01000 .01000 O. 0. 0. 0.
1 9 2142 .08128 42627-71 -59987-05 10000-07 -2 1939 .00375 .01000 .01000 O. 0. 0. 9.
1 10 1736 .10150 55729-73 -76609-05 10000-07 -4 1471 .00375 .01000 .01060 0. 0. Q. 0.
1 11 1206 .12671 ’ ) :
2 1 752 .12805 20800-05 17683-05 34457-02 5486 742 .00064
2 2 731 .13263 15838-05 11804-05 21760-02 6596 721 .00064
2 3 711 .13720 12771-05 76219-06 13409-02 7455 701 .00064
2 4 691 .14177 10240-05 40201-06 80938-03 7941 682 .00064
2 5. 672 .14634 82222-06 12957-06 48544-03 8038 663 .00064
.2 6 654 .15090
KM KE ET-6 SR scC Sz SG EPS-R EPS-C ELAS-R ELAS-C ELAS-Z CRELP-R CREEP-C CREEP-Z A-THRML CRACK
1 1 18.8 48 48 -T168 5215 18.21 18.21 .08 .08 -.28 .27 1.27 -2.53 16.76 0 0 0
1 2 18.8 45 41 -G5234 5277 18. 14 18.19 .08 .08 -.28 1.238 1.28 -2.50 16.65 6 0 O
1 3 18.9 41 29 -3368 - 5403 17.99 18. 14 .08 .08 -.29 l.14 1.29 -2.43 16.55 0 0 O
1 4 19.0 36 14 -5571 5596 17.72 18.06 .09 .09 -.29 1.02 1.31 -2.33 16.46 06 0 ©
1 5 19.2 25 -7 -6037 6046 17.34 17.89 .09 .09 -.32 +.78 1.38 -2.11 16.07 0 0 O
1 6 19.6 -3 -63 -7242 7213 16.50 17.54 .11 .10 -.37 '.32 1.85 -1.67 15.29 0 9 0
1 7 20.3 -7 2 -9875 9872 15.49 17.10 .14 .14 -.49 .28 .30 -.58 14.05 0 1 ©
1 8 21.4 -4 3 10339 10339 13.33 16.39 -.14 -. 14 .48 -.60 -.00 .01 12,23 6 1 0
1 9 22.3 -2 -8 3 7 11.15 15.47 -.00 .00 .00 .00 .00 -.00 9.90 0 1 1
1 10 23.2 -1 7 6 7 8.43 14.30 -.00 - .00 .00 .00 ~.00 -.00 7.18 06 1 1
2 1 10.4 -175 -9982 -65301 6413 5.38 .49 .49 -.76 -.29 1.87 -2.16 .30 3.22 0 0 0
2 2 10.5 ~542 -11994 -7252 ° 7551 4.83 © .65 .04 -.90 -.30 1.37 -1.?7 41 3.12 0 0 0
2 3 10.6 -945 -13725 -Y695 8582 4.33 .78 .97 -1.03 -.28 - .95 -1.43 .47 3.03 0 0 0
2 4 10.7 -1370 -14924 -7330 9402 3.94 .88 .53 -1.13 -.21 .65 -1.14 .49 2.95 0 0 0
2 53 10.8 -1794 -15421 -b59060 288¢€ 3.60 .97 .51 -1.17 -.12 .44 -.92 .49.. 2.86 0 0 O
F-Z(COLLAPSE) = 0. F-Z(HOURGLASSING) = 0. F-Z(EXCESS-T) = 0. F-Z(PELLET ECCEN) = - 0.
STRAIN COMPARISONS. FUEL-(R)-2.78E-07, (C) 1.56E-05, - (Z) 1.36E-05 CLAD-(R) 1.49E-07, (C» 7.25E-67, (Z) 4.00E-08
FORCE BALANCE FUEL CIRC=-6.436E-04 FUEL AXIAL= 7.433E-03 CLAD CIRC=-3.157E+00 CLAD AXIAL=-2.551E-01
COMPARTMENT F/CC= 4.7685E+19- AVERAGE F/CC= §5.0001E+19 EFPH= 1.0404E+03 GAS RELEASED= 2.6010E-04 HGAP= 7.7520L+00
TIME STEPS MIN= 100000-04 ° 322+03 AVG= 531469101 : ;
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TEST PROBLEM FROM CYGRO-3 DOCUMENT (REFERENCE 4)

FokkkkkkbkkkkkRERRRRRRRRRRERRR KRR KRR RR KRR KRR RRRRRRRRK KR XK KRR ERRRKR KRR KRR KRRk X XHISTORY SET

DTINE @G/QGMAX T(WATER) P(WATER) FSUP.MAX  FIS.RATE DEPLTN F.FLUX FLUERCE  P(GAP) DP COLAPS L
1.1200  633.60 2000.00 .0 1.6995E+13 5.0001E+19 1.3440E+14 3.9542E+20 0. 2060 ‘
788.3790 1.2020  654.30 2000.00 .0 1.8239E+13 1.0000E+20 1.4424E+14 7.9084E+20 0. 2000 .
TIME KTIME DT-BOB DD(ID F/C GAP DD(C) FCONR FCONZ  FSUP EZ(M)  EZ(C) ESUP ESLIP  EPSGZ(C) G
864.643 222 3.43 1.34 .31 0. .0 .0 13.98  3.87 .00  3.87 . R
1653.022 2290 1.0E+05 3.77  1.04 .06 o. .0 .0 15.47  4.58 .00  4.58 1.05
KM KR TEMP RADIUS  DED/DT DH/DT H PB TAVE EV VE VH(1) VH(2) VH(3) VH(4) VH(5)
1 1. 3165 . 38383-07 -12809-01 10000-07 1518 3163 .00194 .00440 .00440 O. e.  o. 0.
1 2.3161 .00510 d3254-07 -12034-01 10000-07 1450 3154 .00199 .00445 .00445 ©. 0. 0. 0.
1 '3 3148 .01020 26803-07 -10618-01 10000-07 1296 3137 .00209 .00455 .00455 0. . 0. 0.
1 4 3126 .01529 24023-07 -87941-02 10000-07 1109 3111 .00226 .00472 .00472 0. 0. 0. 0.
1 5 3096 .02039 24813-07 -57434-02 10000-07 1128 3054 .00277 .00522 .00522 0. 0. 0. 0.
1 6 3011 .03057 25057-07 -20309-02 10000-07 1937 2919 .00435 .00680 .00680 0. 0. 0. 0.
1 7 2826 .04584 B87118-07 -34572-03 10000-07 2600 2704 .00580 .00825 .00825 0. 0. 0. 0.
1 8 2581 .06110 74845-11 -18875-04 10000-07 -2619 2382 .00756 .01000 .01000 O. o. 0. 0.
1 9 2182 .08140 10488-70 -66634-05 10000-07 -2 1959 .00756 .01000 .01000 0. 0. 0. 0.
1 10 1736 .10165 12698-72 -89546-05 10000-07 -4 1447 .00756 .01000 .01060 O. 0. 0. 0.
111 1159 .12688 . e ' .
2 1 760 .12793 41931-05 39267-03 51631- “e2 4500 749 .00064
2 '2- 738 .13250° 28670-05 24738-05 33111-02 -° 6097 727 .00064 - 2
2 3 716 .13708 17118-05 11484-05 20347-02 7437 705 .00064
2.4 695 .14165 12693-05 51637-06 11792-02 8377 684 .00064
2°5 674 :.14621 "11314-05 22668-06. 64648-03 8835 664 .00064
2 6 654 .15078 L o -
St w7 O
KM KE ET-6 SR sc SZ  SC EPS-R EPS-C ELAS-R ELAS-C ELAS-Z CREEP-R CREEP-C CREEP-Z A-THRML CRACK
1 1 18.3 -259 -259 -40635- 3775 ' 19.58 19.58 - .05 05  -.21 - 1.26- 1.26 -2.51 17.60°0 0 0
1 2 18.3 -216 -130 4002 . 3829 - 19.49 - 19.55 *.05 .06  -.21  1.21 1.26. "-2.47 °17.54 0 0 0
1 3 18.4 -126 156 -3911 :3930 19.32 - 19.49  ° .05 L07 - -.21 7 1.12 1.27 7 -2.89 17,42 0 0 0
1 4 18.5 1 490 -3817 4085 ' 19.07 19.4]1 .05 209 < -.21 .99 1.29  -2.28  17:25 0 0 0
1 5 18.7 157 538 -4078 4438 18.63 19.22 -, 96 .09 ~.23 - .76 1.81 -2.06 16.886 0 0 @
1-6- 19.2 83 -466 -5427 5257 17.87 18.87 .09 .06  -.28 .82 1.34 ~1.66 16.00 0 0 0
1 7 20.0 -7 2 -7796 7793 16.98  18.46 a1 11 -.39 .32 .34 -.66 14.610 1 0
1 8 21.1 -4 3. 7859° 7860 ‘ 14.97 - '17.80 -3 11  -.11 .87 -.600 -.01_ .01 12.57 010
1 9 22.2° -8 . 5. 3 7 1249 16.90 ' -.00 .00° .00 .00 .00 -.60 9.98°0 1 1 -
110 23.3 -1 7 7 8 9.53 15.69  -.00 .00 .00 .00 -.00 -.00 7.020 11
21 10.4° -149. -8451- -5197° 5446  5.83  -.47 ' .41 .65 . -.23 - 2.76 -8.26 .51 -'3.25 000 C o
2 2 10.5 -477 -11266 -6608 7102 5.18  -.27 .51  -.85  -.27 2.12  -2.76 .65 3.15 0 0 0 s B
2 3 10.6  -871 ~13780 -7659 8676 - 4.59  -.10 .58 --1.04  -.27-  1.56~ =-2.81 .75 . 3.05 000 ® S
2 -4 -10.7 - -1312 -15727 -8091 9922 .4.08 - .04 .60  -1.19 '~ -.24 1. 12" 1,93 .81 < 2.96 0 0.0 9 7
‘2 5°10.8 -1772 -16819 - -7913 10702  3.66 ;16 ;.58 v -1.27  -U17. .81  -1.64 .83 2.87 000 E:E
) .o e * : . R ]
F-Z(COLLAPSE) = 0. F-Z( HOURGLASSING) = 0. F-Z(EXCESS-T) = 0. F-Z(PELLET ECCEN) = 0. , -0
STRAIN COMPARISONS. FUEL-(R)-2.96E-07, (C) :1.72E-05; (Z) 1.57E-05 CLAD-(R) 2.26E-07, (C) 8.31E-07, (Z)-3.67E-08 o
FORCE BALANCE “FUEL' CIRC= 6.363E-03 : FUEL AXIAL=-8.247E-03 - CLAD CIRC=-2.158E+00 - - CLAD AXIAL=-1.743E-01 SRS

COMPARTMERT F/CC= 9.5368E+19

TIME STEPS

MIN= 122463+02

AVERAGE F/CC=

MAX= 340068+03

1.0000E+20

EFPH=

CASE -1 -CYGR U NEWMA D
1,

2.0808E+03

AVG= 112626+03

GAS RELEASED=

5.2019E-04

05/13/77 CFANTMP PAGE 14

CYCLE NUMBER 1, STEP 4

HGAP= 9.4574L+00



TEST PROBLEM FROM CYGRO-3 DCCUMENT (REFERENCE 4) CASE -1 -CYGR ‘U NEWMA D 0571377 CFANTMP PAGE 15

ERRRORER K LR E AR AR RRRRA KRR XX ERIIERR LT E LRI pxR ek cxks END OF INPUT PACKAGE CASE

CALCULATION COUNTS. KTIME = 229, NUMBER OF CALLS TO «€TAC = 309, RUN TIME = .464, HTCHZST STRAIN DISCREPANCY 1.721E-05
SUMMARY COUNT OF LIMITING ‘CRITERIA--HISTORY 4, TEMPERATURE (DTEMPMAX, TREF-X, Q-X) 14, SIZE CHANGE (SIZERATIO) i |
GCAP (GAPOVR, FGAPOVR) 14, F-C SLIP (SLIPOVR, onvn) 19 R-S SLIP (SLTPOVR, FZOVR> 14, DENSIFICATION (DENSRATIO) 0
CRACKING (CRAKOVR, CLOSOVR) . 1, CREEP RATE JUNP (CRJUMP) 9, STRESS CHANGE (-EDOT-CYGRO) -50, (SGJUMP) 58
HARDENING (EDOT-CYGRO) 5, COMPLIANCE ‘ COMPRATIO) , (ROBOT TIME STEP (EDOT,TAU-ROBOT) - @ ,
FOR THIS INPUT PACKAGE CASE SOME EXTREME VALUES WEFE-~FUEL 'CENTERLINE TEMPERATURE 3176.8 (AT T = 1626.6476), MID-CLAD :GENERALIZED
STRESS 8676.0 (AT T = 1653.0220), AND HOOP 'STRESS AT TNSTDE OF CLAD -0 (AT T = ,0100)
SO FAR IN THIS PROBLEM SOME EXTREME VALUES ARE--CLAD DIAMETER SHRINKAGE 01 (AT T = .9100), CLAD DIAMETER INCREASE .64
(AT T = 3.6449) AND MINIM M MID-CLAD RADIAL PLASTIC STRAIN -.60 (AT T = - .08)
EXTREME VALUES OF STRAIN DISCREPANCIES-- ]
. : S ) R AT TIME C AT RIMNE 'z AT TIHME

‘FUBL ALGEBRAIC MAXIMUM 4.53E-07 1.578866 °1.72E-05 1653022000 1.57E-05  1653.022000

FUEL ALGEBRAIC MINIMUM -3.00E-07 1626.647595 -4.27E-07 95.1109230 -Z.93E-07  1286.579638

‘CLAD ALCEBRAIC MAXIMUM -2.26E-07 1653.022000 ‘8.31E<07 1653.0223060 1.25E-<07 3.681076

CLAD ALGEBRAIC MINIMUM -5.43E-09 1.330990 -1.95E-12 019900 -5:67E-08  1653.022000
'PROBLEM ‘COMPLETED '
THIS PROBLEM INCLWDED 4 ‘BISTORY CARD TIMES.

RRRARAR KRR RRKR KRR RRKRRIERKR LR KRR KRREXRRRKKEND (07 QUTPUTHRRRARRRKEEREA KR RER RIS R OO IRk =k kR R IR Kk Aok k 2k OK-NORMAL END S
THIS VERSTON 'WILL 'RUN AT A ‘MINIHUM ‘FIELD ‘LENGTH *0F 187 -0GTAL THOUSAND.
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Appendix ITII. COMPUTER PROGRAM ABSTRACT
Program Name (and Title): CYGRO-4
Computer and Laﬁguage(s): CDC-6600, - FORTRAN IV

Problem- Solved: QCYGRO—4.(Ref. a) has been developed from the

-CYGRO-1, CYGRO-2, and CYGRO-3 (Ref. b) series of fuel rod analysis

programs. It was derived from CYGRO-3 by the inclusion of im-

- proved numerical methods, improved programming procedures and

revised physical models. Significant developments include time

- step control based on accuracy considerations, -a new fuel-clad

and rod-support interaction model, a new thermal -conductivity
model for the fuel-clad .gap, and a new fuel cracking, crack de-
formation and.crack healing model. - The program calculates tem-
peratures, deformations and stresses in cladded fuel rods. Axial
and circumferential uniformity are assumed.

Temperature computations assume thermal equilibrium. The tem-

perature distribution is thus a function of current reactor power
level, gamma heating and nuclear self shielding, and the thermal
conductivities of fuel, clad, fuel-clad gap and rod-coolant:
interface. -‘Puel conductivity is calculated from the input data

as a function of the current, local temperature, porosity and
cracking. . Gap conductivity depends on-gap size, thermal radiation,
conduction at points of fuel-clad contact, and the conductivity

of the fluid in the gap. This conductivity depends on. comp031t10n

on temperature .and = where. approprlate -.on pressure

Deformation of the fuel and clad, the stresses in'-them, ‘and the
forces of interaction between fuel and clad and rod and support
are computed from a Large Deflection Finite Element model’ incor-
porating representations for thermo-elasticity, creep resulting
from thermally activated mechanisms or mechanisms associated with
bombardment by high energy particles, fuel swelling and densifica-

- tion, clad growth resulting from neutron bombardment, and fuel

cracking and crack healing. - In keeping with the Finite Element
representation, the program accounts for the effects of spatial -
as well as temporal - variation of temperature, stress, strain,
cracking, and densification. This is an important feature of
CYGRO-%., "

A 'Anofher 1mportant featurc of CYGRO-14 .is the comprehens1ve model
: for fuel-clad and rod—support 1nteractlon. In addltlon to .inter-

acting by radial stresses, the fuel and clad can interact through
axial forces. Fuel and clad axlal strain rates may be the same
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or different depending on fuel-clad gap size, the direction

and magnitude of the axial interaction force, and the effects of
pellet '"hourglassing", eccentric pellets, lodged chips, and clad -
collapse, where the effects are relevant. Similarly, the rod
axial strdin rate may be the same as, or different from, the rate

"~ of support extension. Relative motion between rod and support

depends on the magnitude of the axial interaction force and the
force needed for slippage. The support extension includes the
effects of flexibility and thermal expansion, a3 well as usger

~dnput exhension as might arise, perhaps, from the represcntation

of support extension associated with neutron flux induced growth.

"The comprehensive form of the fuel-clad and rod-support inter-

acticon model is particularly important in the correct represenbua-
tion of rod behavior in response to reactor power changes such
as those encountered in "swing load" operation. '

- Input to CYGRO-4 is divided into two parts: rod data and operat-
ing history. The rod data comprises all quantities needed to

characterize the geometry and physical properties of the rod,
including such information as clad diameter and thickness, fuel

“diameter, and fuel and clad thermal concuctivities, thermal

expansion properties, creep behavior and response to the-reactor
environment. The operating history consists of the measured, or
predicted, values of coolant pressure, coolant temperature,
reactor: power level, and the relevant relationships between

power level, fission rate and neutron flux. The program computes
the corresponding history of rod temperature, dimensional changes,
and stresses.

" Method of Solution: - The fuel and c¢lad are dlvided into a number
‘of concentric, ring shaped finite elements. Equations for balance

of forces and continuity of displacement between the rings
détermine the principal unknowns. Plastic flow (creep) is treated
on an incremental basis. The required sizes of time steps are
calculated internally on the basis of accuracy limits.

Restrictions on the Complexity of the Problem: A maximum of
thirty rings (fuel plus clad) is permitted.

Related and Auxiliary Programs: CYGRO-4 uses Bettis programming
environment routines (Ref. ‘c) such as CARDS for input data, and
FMG for writing binary data files for problem restafts and saving

~results for post-processing. The environmental routines are

available with the CYGRO-4 program upon request.
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Typical Running Time: Running time depends on complexities of
history input and number of elements. The program completes
about 450 time steps per c.p.u. minute. The number of steps per
reactor hour depends on the complexity of the power history

and the severity of the reactor environment. Practical problems
display a range from about 0.5.reactor hours per step to about 10
hours per step.

Machine Requirements: CDC-6600 - 140 K of central memory
: - 10 K of ECS .

Operating System: ~CDC-6600 - SCOPE 3.3 C : /
Availability: Reference (a) is available from

U.S. Department of Commerce

- . National Technical Information Service
5285 Port Royal Road
Springfield, Virginia 22151

Copies of the computer program may be obtainedd by domestlc users;i;f
from

Argonne Code Center

Attention: Mrs. Margaret Butler
Argonne National Laboratory
9700 South Cass Avenue

Argonne, Illinois 60440
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