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Absiract

The SATURN-FS code was written as a general revision of the SATURN-2
code, SATURN-FS is capable to perform a complete thermomechanical analysis of
a fuel pin, with all thermal, mechanical and irradiation-based effects.

Analysis is possible for LWR and for LMFBR fuel pins.

The thermal analysis consists of calculations of the temperature profile in fuel,
gap and in the cladding. Pore migration, stoichiometry change of oxide fuel, gas
release and diffusion effects are taken into account. The mechanical modeling al-
lows the non steady-state analysis of elastic and nonelastic fuel pin behaviour,
such as creep, strain hardening, recovery and stress relaxation. Fuel cracking and
healing is taken into account as well as contact and friction between fuel and clad-
ding. The modeling of the irradiation effects comprises swelling and fission gas

production, Pu-migration and irradiation induced creep.

The code structure, the models and the requirements for running the code are

described in the report. Recommendations for the application are given.

Program runs for verification and typical examples of application are given in

the last part of this report.



Zusammenfassung

SATURN-FS1: Ein Rechenprogramm zur thermomechanischen Brenn-
stabanalyse (Benutzerhandbuch)

SATURN-FS stellt eine Weiterentwicklung des Brennstabrechenprogramms
SATURN-2 dar. Es erlaubt eine umfassende thermomechanische Brennstabana-
lyse unter Berticksichtigung aller thermischer, mechanischer und bestrahlungs-
bedingter Effekte.

Es kénnen sowohl LWR- als auch LMFBR-Brennstibe analysiert werden.

Die thermische Analyse umfaft die Berechnung der Temperaturprofile in Brenn-
stoff, Spalt und Hiille sowie die Betrachtung von Porenwanderung, der Anderung
des Sauerstoff- zu Metall-Verhiltnisses im Oxidbrennstoff, von Gasfreisetzung
und bestrahlungsbedingten Diffusions-Effekten. Die mechanische Modellierung
erlaubt die instationdre Analyse des elastischen und nichtelastischen Brennstab-
verhaltens wie Kriechen, Verfestigung, Materialerholung, Spannungsrelaxation.
Aufreiflen und Ausheilen des Brennstoffs sowie Kontakt- und Reibungseffekte
zwischen Hille und Brennstoff werden beschrieben, Die Modellierung der Be-
strahlungseffekte umfaBt Schwellen, Spaltgasproduktion und -freisetzung sowie
bestrahlungshedingtes Kriechen.

Dieser Bericht beinhaltet die Beschreibung der verwendeten mathematischen
Modelle, der Programmstruktur und eine Benutzeranleitung zum Gebrauch des
Programms,

Programmlaufe zur Absicherung und typische Anwendungsbeispiele sind im letz-
ten Teil dieses Handbuchs enthalten.
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Part 1

Modelling the Fuel Rod Behavior






A, Introduction

The computer code SATURN-FS was developed during the last years in order to
meet new requirements in the field of fuel element modeling and designing.
SATURN-FS is a successor of the SATURN-2 code which was also developed in the
"Institut fir Materialforschung” (IMF I} at the Kernforschungszentrum Karls-
ruhe (KfK). The abbreviations FS in the name of the code mean that

- the code uses a Finite element structure of the fuel rod and
- the code calculates fuel rods within their operational limits ("Steady state”).

Conditions beyond the safety limits, such as fuel melting, LOCA considerations or

accidental transients are not modeled.

Great emphasis was laid on an improved description of the fuel rod mechanics and
here especially in the field of modeling the nonelastic behaviour, such as plastic
deformation, creep and stress relaxation. By the consistent consideration of the
time-dependent derivatives of stress and strain, i.e. their "rates” it was possible to
introduce a transient mechanical modeling of a fuel rod. This possibility is espe-
cially advantageous for the analyses of fast operational or design transients.

The general code structure is modular, There is a strict separation between struc-

ture models deseribing material behaviour.

The code is written for general applicability, i.e. for any types of fuel rod or
fuel/cladding combinations. For simplification two standard combinations can be
called by user's option: LWR with UOg fuel and Zry cladding and FBR with
(U,Pu)O3 fuel and stainless steel cladding.

The SATURN-FS code was thoroughly tested and verified by recalculating var-
jous experiments and comparing the code calculations with the experimental data.
The results of some interesting verification calculations are given within this re-
port. Furthermore, design calculations for anticipated irradiation experiments
have been performed, especially in the field of FBR-fuel development.

This report as a user's manual wants to give a comprehensive survey on the code
structure, the used models, the required input information and the calculated out-
put.

It so enables the user to run SATURN-FS calculation without major complica-

tions.



B. The Structure of the Computer Program

The

advanced version FS1 of the SATURN fuel rod computer program is intended

to model the fuel rod by means of the Finite Element Method (FEM). Severe acci-
cental transient behaviour with fuel melting and total destruction of the fuel rod

is left out of consideration by the program. So, the fuel rod behaviour during

steady state operation and operational transiensts is the subject modelling. Axial

variations are also left out of consideration in the present version.

SATURN - FS1.

Generally speaking,the computer program in its present version has three charac-

teristic features:

Use of the Finite Element Method (FEM) to solve the mechanical problem,
Assuming axial-symmetric fuel rod geometry, ring elements with rectangular
cross-sections have been chosen, i, e., description of shear stresses and sliding
has been dispensed with. Neglecting these phenomena does not produce a ma-
jor error source because both our own investigations with two-dimensional
FEM programs and analytical considerations [B1] have shown that shear
stresses are normally by about one order of magnitude smaller than normal

stresses.

In general, a structure has been described which consists of the fuel as a heat
generating ceramic cylinder which may crack and whose cracks can heal
again. This cylinder is surrounded by another metallic hollow tube -the
cladding-, which transfers the produced heat to a cooling medium, and is sepa-
rated from the fuel by an annular gap filled with a transfer medium (gas, lig-
uid metal). The physical relationship described here applies to any material
combinations and it is not necessary for the user to make any modifications to

this inner part of the program.

All variables needed to solve the thermomechanical problems invalving
forces, displacements, stresses, strains and sometimes temperatures, are sub-
stituted during one computer time-step by their derivatives with respect to
time, i. e. their rates. These rates are assumed to remain constant during the
time-step. At the end of this time-step the variables proper are calculated by

integration over the time-step interval.

Reference:

[B1]

K. Keller:
Elastizitatstheorie zur Brennstabmechanik von Reaktorbrennstiben bei
schnellen Brennstab-Leistungsdnderungen, KfK 3176, March 1982




C. Calculation of Temperature

The most important cladding material and fuel properties as well as the effects oc-
curring in the fuel rod during operation are heavily dependent on the tempera-
ture. Therefore, the precise determination of the temperature distribution in the
fuel rod is of particular importance in analyzing the fuel rod behaviour. With the
computer program described here, the radial temperature distribution in the fuel
rod is continuously calculated from outside to inside. The starting point is the cool-
ant temperature which is assumed to be known. Using the cladding/coolant heat
transfer coefficient, the external cladding temperature TH, can be calculated. This
gives the temperature course along the cladding cross-section by use of the rod
power Qp (W/em) and the thermal conductivity of the cladding Ax4(T) as

T(r) = THu + ELL;:”{F) ) en( I{:—{a) (C-n
The temperature dependence of the thermal conductivity needs an iterative solu-
tion. When the internal cladding temperature has been calculated, the computa-
tion of the heat transfer in the gap between the fuel and the cladding can start.
This will not be treated in more detail here because the known GAPRS module
[C1] is used to calculate the heat transfer in the gap; see Section E.1. GAPRS
yields the surface temperature of the fuel This is the value used to start computa-
tion of the radial fuel temperature field which will be briefly described in the next
section. The method of computation presented here is similar to that of the
CYGRO-4 computer program [C 2].

Let us assume a ring having the dimensions r; < r < r,, The volumetric heat pro-
duction rate in the ring is assumed to be Q, [W/cm3] so that the total heat produc-
tion rate in the ring per unit length is obtained as

g (Wiem) =1 - (1)“(r’2z - rf) (C-2)

With an optional additional heat source located in the centre of the ring which
contributes g, a total heat production per unit length for the radius 0 < r < rjof

; (Wiemy = q, + ¢ (C-3)

is obtained.



Computation of the temperature distribution requires the knowledge of the power
distribution, It is postulated that the relative radial power distribution p(r) meets
the following conditions:

)

tim pur = p‘r._ (C-4)
re=rr., or<r
{ ]
. E I
lim pi) =p. (C-5)

ro—=r., r>,r(.
{

With these prerequisites fulfilled, the heat production rate in a ring element hav-
ing the dimension rk < r < ry 4| can be described approximately, i, e. by linear ap-

proximation, as

[+ [

p <y =t p, r=r))

QN (Wiem®) = ¢ k(” )k LA Q (C-6)
r 4

Tee1 — T

where R is a proportionality factor which will be discussed later. The heat pro-

duced in any ring element

PSS, A=1..(n-1)

is obtained as

21 ¥
kvl
q, (Wiem) = J J + Qi - rdrdg 7 (C-7)
(} r'k
This corresponds to
_ EERETS (- (C-8)
4 =0 R QBT AL e

with A, and B, calculated by the formulae

A =

|
X g(rf2 Y- oA

Mo ot 120, (C-9)

By = —r, =) @2, b ) (C-10)
Moreover, the following equation holds true;
A =8 =0 {(C-11)

By this formula the heat produced in the entire cylinder, i. e. in the range r; < r =

ru, €can be expressed as



I |

qWiem)= > q =n- R Q- Y {4, p7+B, p;:}) (C-12)
k=1

e IH

k=1

Using equation (C-12) the variable R can be determined as a function of rg, py(+)
and p,(-. Actually, it follows from (C-12) that the known heat production rate @, as
averaged over the radius and multiplied by the volume of the cylinder, must equal
the total heat production rate in the ecylinder. This automatically yields the factor
R toread

2 2
rn*rl
R =
\;‘ (A ‘_'+B . (+>} (C-13)
LoV Py e Pe
E=1
Introducing (C-13) into (C-12), one obtains
2 (C-14)

g Wiem)= - Q - (=¥

The temperature at a given radius r can under steady-state conditions be de-
scribed by the equation of thermal conduction:
ar (C-15)

A — = — - gqln
() ar 2u ar

where A(7) is the temperature dependent thermal conductivity on the and ¢(r) is
the heat flux per unit length,which passes through the cylinder surface at radius

r.

Assuming that the temperature T(r) in the interval ry = r = ri 4 is linearly de-
pendent on the radius, we obtain:

T (r -+ T (r—r)
LIS | k+1 k
Ty = ! s - {C-16)
{r . k kt 1
kit 1 k

Writing

Yo N LT et T
r= - ahnd r) = ————————— resp,
2 2 f

equation (C-15) can be expressed by means of the derivative of equation (C-16) in-
stead of the partial derivative in (C-15) as follows:

(rk b rki—l )
_p gl——/—
P 2 (C-17)

r“t—r'k) T (rk+rk+l)

\( Tt Ty Ty
' 2 {



Transposing the terms of equation (C-17) we get:

1
q‘—(rk + rkuJ‘

)
r= Tt D, (C-18)
n ’\,"{Ik+[k+1}
with
r - r
D, - _kt1 R (C-19)
Ter1 T 7y

Using equation (C-18) and assuming the temperature at the fuel surface to be
known, the temperatures at given radii of the ring elements can be calculated.
However, due to the temperature dependence of the thermal conductivity, this cal-

culation can again be made only iteratively,

The heat production term q($(rk +r) + 1)) on the right-hand side of equation (C-18)
can be expressed as
i

n (e, t+¢ !
1 9k ktl (C‘ZO)
q ’5{%“@“)'"(1“*]0 [0 Q) - r dr dd
Inserting equation {(C-6) in equation (C-20) yields
| k-1
_ N — . . \ A . (,,,)_ . (2 i (=),
q’g(r!:“kﬂ) =n QU R{ l UJ " +h’f P +Ak p, t
i1 |
Ty ™7 .
v {t . a9 . LR g . . -
‘+ - P, (7’k+z’k+]“‘“kl‘i (Zrklkarl) ]Jrqu (C-21)
Introducing two geometry factors, namely
2
o VTR0 ey (C-22)
kT
12 rk+1+rk
2 Y
, 1 Cret ) =y (C-23)
Jk—
t2 Tl + Ty

one can write equation (C-18) as follows




Dk- QU "f*‘l o )
Py=T - q0+;}_(ﬂj- BB R pT AL B g
“EITA-J""kn ) J=1
Rk‘ QU . (+) 1=
+ l . (Ifk- P, +Gk- Py ) (C-24)
AlE Tie+Tk+1 )

Generally, and leaving aside possible discontinuities in the fuel, the following re-
lation holds for the coefficients of the radial flow distribution: p,/+) = p,i-).

Procedure in the Computer Program;

In order to compute the temperature, the RADIAL subroutine is called by the
MAIN program. It calculates the radial power distribution in the fuel and calls in
turn the GEOFAK subroutine for calculating the factors Ay, By,Di, Fix and Gy.
The MAIN program then calls the TEMPER subroutine which performs the tem-
perature calculation properly.

TEMPER calculates the temperature both of the cladding and of the fuel (provided
that the computation is performed for a rod with fuel and cladding). In that case,
TEMPER calls GAPRS before it calculates the fuel temperatures. If only the fuel
or only the cladding is to be analyzed, the proper parts of the sub-routine are se-
lected by different. With increasing burn-up the radial power profile changes. The
program calculates new radial power factors (p, ) for each element and so new radi-
al power distributions which are then used as starting values for the calculation in
the new time step. This calculation is performed at the end or each time step in the
PRBDIF routine and at the beeinning of the new time step in QPROF.

References:

(C1] M. Heck, H. Steiner:
Internal Note, September 1977,

[C2] J.B. Newman, J.F. Giovengo, L.P’, Comden:
The CYGRO-4 Fuel Rod Analysis Computer Program,
WAPD-TM-1300, July 1977.
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D. Fuel Rod Mechanics

D1. Loadings of the Fuel Rod

When modelling the behavior of a nuclear reactor fuel rod, the various loadings
must be described to which the fuel rod is exposed during its service life. These
loadings may result from the large radial temperature gradients in the fuel of sev-
eral 100 K/mm, on the one hand, or from forces generated on the contact areas be-
tween the fuel and the cladding after the initial gas gap has closed. These contact
forces may act both radially and in an axial direction; in the latter case as friction
forces. The loadings further include the gas pressure inside the fuel rod, the pres-
sure of the coolant acting from outside on the fuel rod, and last but not least, the
generally high level of temperatures to which the fuel rod components are ex-
posed. For example, in a typical fast breeder fuel rod the average cladding tem-
perature is about 600 “C and average fuel temperatures are about 1600 °C,

These high loadings, but also variations in local power to which the fuel rods are
subjected during operation, imply that a time independent computation in terms
of elasticity and elastoplasticity will not be sufficient for a comprehensive fuel rod
analysis. Time dependent material phenomena such as creep, stress relaxation
and material recovery in the existing temperature and stress fields also play an

important role and should not be neglected.

The idealized structure of a fuel rod together with the actual loadings have been
represented in Fig. D1-1. The structure consists of a heat-producing inner cylin-
der, with or without a central bore, surrounded by a hollow cylinder which trans-

fers the produced heat to a coolant medium.
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Fig. 31-1: Fuel pin model

D2. Method of Solution

The mechanical problem, i. e. computation of the stress and strain fields in the in-
dividual fuel rod components, is solved by use of the Finite Element Method
(FEM). This method generally operates by dividing a structure with a complex ge-
ometry into a number of well defined finite elements. In most cases, these ele-
ments are simple, regular geometric elements such as triangular and rectangular
elements for plane structures or toroidal elements with triangular or square cross-
sections for axial-symmetric structures such as the fuel rod to be considered here.
With this "idealization” made, the structure is practically no longer a solid con-
tinuum, but a system of individual elements, which are interlinked at their nodal
points. The equations for description of the equilibrium and the continuity at the
nodes of the elements together with the stress-strain relations make up a system
of linear equations. This system of equations can be solved using given boundary
conditions so that the displacements of each individual node and the siress acting
in each element can be determined.
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D3. Idealization of the Structure, Choice of the Elements

The fuel rod model represented in Fig. D.1-1 will now be idealized according the

FEM requirements.

The real fuel rod, consisting mainly of breeder material/fuel, plenum, gas gap and
cladding, is divided into a finite number of axial segments. These axial segments
are characterized by the fact that no axial changes of the external forces, pressures
and temperatures occur within them. Consequently, analysis of the fuel rod is
made consecutively and separately for each axial segment. As the computations
are the same for each segment, all the following considerations will be restricted
to analyzing one segment which will be representative of the fuel rod.

The axial segment of the fuel rod to be analyzed is divided into finite elements as
shown in Fig. D3-1: i.e, the structure is idealized: In the case under scrutiny the
procedure is that both the cladding and the fuel are represented as concentric
rings. The external forces acting on the fuel and the cladding are also schematical-

ly represented and shown in Fig. D3-1.

The separate representation of the chosen type of finite element, namely a torus

with rectangular cross-section, is evident from Fig, D3-2.

Figure D3-3 shows the position of the element within the structure and the desig-
nation of the nodal points. The nodal point coordinates for the i-th element are:

node 1: (ry, zy)
node 2: (rg, 22)
node 3; (r3, z3)
node 4: (ry, z4)
It is agreed that in order to further simplify the element loads the description of

shear stresses and slidings will be dispensed with, This means that the orthogon-

ality of the elements is always maintained.

The simplification implies that all components of the four nedal point coordinates
are no longer needed to define the ring element above, only four of them, namely

ry, re, 71, Z3. Consequenitly, the element coordinates become:

node 1: (ry, z1)
node 2:(ro, z1)
node 3: (ro, z3)
node 4: (ry, z3)
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Moreaover, in the analysis of an axial segment or - in FEM terms - in a system of lo-
cal coordinates the axial coordinate 21 can be set z; = 0 without any restriction of
the general validity so that the element is finally defined by:

node 1: (ry, 0)
node 2: (rg, 0}
node 3:{rg, z3)
node 4: (r1, z3)

Again, this definition is equivalent to describing a torus with rectangular cross-
section by specification of its inner radius, outer radius and axial height. There-

»

fore, in the following description the terms "element node,” "structural node” etc.,
(as currently used in the literature on FEM), will no longer be used. Instead, refer-

ence will be made in a more illustrative way to elemental radii, ete.

Neg =6, N =7
New =5, Niy = 6
N FUEL CLADDING
':E FBz Frz
o
o N
I ______ z A
LBZ=LHZ FBa—’12345eHFBb FHa '_"12345“—FHI)
| | \ !
i i | |
L Fez b Pz
| | I |
| | ' |
1 1 } 1
1 1 1] 1
1 1 ! 1
™81 =™Ba ™87 = BB M1 = THa 'He = THb

RADIUS r

Fig. D3-1: Idealization of one axial node of a fue!l pin structure
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Fig. D3-3: Position of the i-th element within the structure
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D4. Element Mechanics - From the Displacement Equations to the Matrix of the

Shape Functions

This section describes one of the essential features of the Finite Element Method,
L.e. the derivation of the shape functions from the general element displacements.
The results will be the strain/displacement notations for eylindrycally shaped bo-
dies, i.e. familiar equations. The procedure used by FEM is a general approach
which leads to the above result. The approach has universal applicability beyond
the scope of this report

The element position and shape is changed by thermal influence or external forces
which means that each point within the element undergoes displacement. This
displacement of a general element point is represented in the FEM notation as a
function of the displacement of the defined nodal points.

Let us set up the shape functions for the selected element which has a nodal point
at each of the four corners. If two degrees of freedom of the translation, namely in
the r and z directions, are assumed for each element point, then displacementsin r
and z directions can be described by the following displacement equations:

w2l =b +b,  r+b,- z+b, r- oz (D4-1)

2) = : - o (D4-2)
uz(r,-) = hS+ bﬁ ro+ b,? z + bB r- oz

This approach yields for the nodal points:

uh_:b]Jrhz- r|+h3- zl-l-b4- ry o2,
¢12,_2h1+£:2- r‘z-fb,d' 32+b4' ry 2,
”’3r:b1+bz' r3+h3- 2, bq~ rg o2y
zz4r,:bl+h2- r47f‘h3~z41 64- reTo%y

(D4-3)

u]z"—’bs-l-bﬁ- rAh -z, +b, r - oz

i :b5+bﬁ- r. +h7- z o b, or, oz,

Az

= h5 + bﬁ Coryt h,{f oz, + bB S, 2,

uqﬂ:bs-l-bﬁ- Fo+rb, oz kb r s 2
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and written as a matrix
{ut =LA (b} (D4-4)

Now the system of equations (D4-4) must be solved with respect to the vector {b}
which means that b; through s, have to be determined as

(b} =147 {u) (D4-5)

The solutions 4; through b, for the general approach read:

] {D4-6)
b, =5 14 Z,—z)—u, tz,—z b bu, 2y —z,)
4
with
N4:(’;33”r131)(34—21)_"434"r131”3;_34’
1
b;} ‘—F (r2—r;)u.h_—l{r2—-r3}+(r]ﬁrz)luw + (rl—rz)- u,r ([)4_7)
3
with
N;:{zl—23}(r2—:])+(32—33J(rl*1))
b2 ~F9 |N;_('|_r3](3:_33” uh-INH'i- (z}—zz}(rl_rs)]- uy +
_ (D4-8)
+ (zl—zu,)trl—ru) oy
with
N)ZN3 (ri—rz)
bl :'uh_—hz- r!—b:i- 2= b4- e (D4-9)

The solutions for 65 through 6, correspond to those for b, through &,.

If the general validity of the approach written above is restricted such that no gen-
eral square element, but a rectangular element is defined which is characterized
by

* the element sides always being parallel to the axis,
* the four right-angles being maintained, .
* the z-coordinates of the first two nodes being z; = 25 = 0,

the following simplifications are obtained; see Fig. D3-3:
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FaT
ra=1ry
ulzﬁu'ZzZO
by = Uy,
Uy, = s,
u)r:LLZr

Thus, the first four equations of the system (D4-3) can be written:

w, =b tb, r +b - 0+b, -0
”2.-:bl+b2'r2+b3'0+b4' 0
u3r:b1+b2- rgt b, 33+b4- r, " z,

“4;-:’)1-"&'2' r4+b3- 24+64' rac 2,

and
o 00
1 r2 0 1]
()= © (b}
1 ro Zy  IyZg
i 1 ryo 2 r]z3a
resp.

This system of equations can be solved with respect to:

ry2, —rz, 0 1] N
-2z, z 0 0
(b} = —— r u )
33(r2 - r]’ -y ryoTh
1 —1 1 -1 _]

(D4-10)

(D4-11)

(D4-12)

(D4-13)

Thus, the displacement of any point (r,z) of the element in radial direction can be

described as follows:

e fuw .oz, —r- z,—z- r.+r: z)+

1
ur(r’z) = E lr 278 3 2

(D4-14)
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The system of equations describing the displacements in z-direction yields a result

corresponding to (D4-13):

B roZy —r\Ey o 0 |
1 —24 z, 0 0 )
(b} =— + A{u} (D4-15)
Z N —."2 f‘] —]"1 T‘g
| -1 1 -1
Using the rest of boundary conditions from (D4-10), we finally obtain:
0 0 o 0
0 z, 0 0
(b), =~ 2 C o fu) (D4-16)
z N 0 (r2 — rl} ¢ 0 z
0 0 0 il

For any point in the element the equation describing the displacement in z-

direction according to (D4-2) now reads in explicit terms:

v (D4-17)

‘ “or (D4-18)

lulrz)y =

| =

0 0

[

T (D4-19)
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Thus, an equation system (D4-18) is obtained which provides the relationship ex-
isting between strains and displacements of the nodal points:

1
ST ) (D4-20)
1
at - r o —r ' (ulr - ”2,») (D4-21)
1 2
g
¢ = — (D4-22)
Z 23
g =0 (D4-23)

Equation (D4-23) implies once more that no sliding is taken into consideration.
This was assumed already in defining the rectangular element.

For simplification, new subscripts will be introduced in the subsequent consider-
ations. The following definitions will hold:

fa, b inner and outer radii, resp., of the element

Ura, Up! displacements on the inner and outer boundary, resp.,of the ele-
ment

£, axial length of the element

by axial displacement

Thus, the system of equations for the elemental strains reads:

( % r 1r r +-lr 0 ( “ra

a & a h

1 1
e} = < £, B P T 0|+ < u ., {D4-24)
a b a b
1
L, 0 U E‘ U
L Z_

Formally, equation (D4-24) can be written as follows:

o} =

with the matrix [C] as the matrix of the shape functions; see equations (D4-3), (D4-
13) and (D4-14). It actually interlinks strains in the element, represented by the

C ' < u ] (D4-25)

strain vector /¢, with the displacements of the element nodal points described by

the vector {u}.



-20-

It was stated at the beginning of this section that familiar strain/displacement re-
lations would be obtained at the end of it. These relations are shown in equation
(D4-24) after multiplication of the right side and substitution of the derived func-
tion for the difference quotient, Then, one obtains:

U, —u e
b . A .
g ——o e 2w r (D4-26)
rr r,—r Ar or
a
1 ( + )
u_ —u Sl TH, =
R e _u (D4-27)
i r.tr, 1 ro
E (ru+rb)
u, wo—u, Auz A c'iuz
g = — = _ = = (D4-28)
@ ¢ 2 —0 Az z

D5. Description of the Material Behavior

D5.1 General Remarks

It has been demonstrated in the preceding section how the element strains can be
calculated using the displacements of the nodal points. The strains will be now dis-
cussed in more detail. Various types of strain will be described in this section
which finally can all be grouped into two categories, socalled "stress associated”
and “thermal” strains. The following types of strain will be investigated in detail

here:

* elastic strain,
* non-elastic strain,
e thermal strain,

e irradiation induced strain.

All these individual strain components make up the total strain which, as has
been shown in the preceding section, can be determined from the nodal displace-

ments.

If one examines the mechanical characteristics - stresses and strains - of a fuel rod
in operation, it will be seen that these two variables undergo permanent variation.
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However, the usually standard description of the material behavior always relate
to a state in which at least one of these variables is constant.

The approach adopted here takes into account the transient mechanical behavior.
Asmain characteristic the derivatives w.r.t. time (i.e. rates) are taken and not the
basic variables of strain, stress and force. These are calculated by integration at

desired points in time.

D5.2 Elastic Strain

The elastic strain rate is described by differentation of Hooke s law with respect to

time:

. d o i -
fepgh = 7 ot = 1AL A5 2 UALD o) (D5-1)

explicitly represented for the adopted cylinder geometry:

s (D5-2)

Formally, the relationship between the vector of the stress rates and the vector of
the strain rates reads:

e, b =141 {o) (D5-3)

Regarding the formulation of equations (D5-1) through (D5-3), it should be added
that the strain and stress rates treated here as vectors are evidently to be de-
scribed as tensors in the general representation. With the assumptions postulated
in the preceding section that e.g. no shear strains and no shear stresses will be
taken into account, only the positions of the main diagonals are still occupied by
elements different from zero for the corresponding tensors, These elements will be
represented as column vectors for the sake of simplicity and clarity.

The matrix [Age] is termed the compliance or flexibility matrix of the elastic
strains. This term is self evident as the expression [A.¢] becomes smaller with an
increase in the Young’'s modulus term in the denominator, and vice versa. The
Young ‘s modulus of course describes the rigidity or stiffness of a system. It will be
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shown later on how the element or structural stiffness is calculated by inversion of
the flexibility matrices.

D5.3  Non-elastic Material Behaviour

D5.3.1 General Assumptions

For the description of the non-elastic material behavior the hypothesis of the
equivalent stress according to the Von Mises and Prandt!-Reuss equations will be
used to describe the relationship existing between the stress and the plastic strain
increment [D5-1]:

(——)=(—) (D5-4)

where

¢j» components of the strain vector
gy strain in uniaxial equivalent coordinates
o,: Von Mises equivalent stress

v components of the stress vector

Equation (D5-4) can be re-formulated to read;

d, . (D5-5)

e [—

. a0, %
and written as a matrix:
e, =14 1 ¢ (D5-6)
Now any material law having the form
e =0 0,y (D5-6a)

can be expressed according to equation (I)5-6) for the description of non-elastic

sirain.

The time-dependent nonelastic material behaviour is described in the SATURN-
FS code by means of a viscoplastic approach. This approach is based on a model of
Gittus [D5-2, D5-3, D5-4], modified by Duncombe et al. [D5-5, D5-6] for the
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CYGRO fuel pin behaviour code. An own version [D5-7, D5-8] was written for
SATURN-FS.

The derivation of these equations and their usefulness in analyzing structures un-
der transient loads have been described in detail [D5-7]. Only a summarizing sur-

vey will be presented here.

The approach is very similar to the strain-hardening method. But the total non-
elastic strain is divided into two parts, a "hardening” and a "non-hardening” or re-
covery portion, The model is based on time-independent characteristics:

*  The creep rate in the secondary range, represented as

e =u o (D5-7)

o The non-elastic strain associated with material hardening, (strain harden-
ing strain) represented as

teo =X o’ (D5-8)
which means that any material, for example under a congtant tensile stress, final-
ly shows even after a time a rate of deformation which satisfies equation (1D5-7)
and a strain hardening strain according to equation (D5-8). At any earlier in time,
the rate of deformation is greater than &g, namely &, The actual hardening strain
is smaller than e, and will be termed ¢, thereafter. Thus, the following rela-
tionship can be derived:

Esr10

The quotient (g,,/e.,,) can also be termed degree of hardening.

The parameters x, y, u, v and v3, which can be derived either from materials' laws
or from experiment have to be read in into the code input in the form of tabulated
values for predefined temperatures, burnups and fissioning rates. This means a
rather great flexibility for the user. It is possible to take into account any materi-
al, only by changeing the input parameters. But with this approach it was not yet
possible to describe the viscoplastic material behaviour in SATURN-FS in a closed
form by one expression as a function of stresses, temperatures and fission rates or
neutron fluxes, So, the actual values were calculated by interpolations of tabulat-
ed values. These again must have been determined at defined boundary conditions

by experimental data.

This disadvantage has been compensated. The interpolation of the tabulated val-

ues can be omitted by user 's option.
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D5.3.2 Derivation of the Materials Equations

D5.3.2.1 Fuel

]

Secondary creep rate;

The secondary creep portion with its constant rate is described in SATURN-FS by
the FCREEP subroutine.

For FBR-mixed oxide fuel this is performed by the 1nlteratorn creep formula [15-9]
based on investigations of J.T.A, Roberts et al. [1)5-10).

Thermal creep

. ¢ r e Y e TeT s
e, = (141250 - PP - 2,67 - 1077 g s —2— . 10807
T d (D5-10)
with:
¢p = secondary thermal creeprate [h-1]
P = actual fuel porosity [ -]
T = fuel temperature [ K]
0, = equivalent stress | N/em2]
d = grain diameter | em |
Irradiation creep:
b, = (5,366 - 10 ) 42,84 - 107 M 78Ry b - u, (D5-11)
With:
¢g = irradiation creep rate [h-1]
T = fuel temperature K
0, = equivalentstress [ N/em?2)
@ = fission rate [fiss / cm2 - g)
Total creep rate:
=u, e (D5-12a)

YGpes — B0 T g

The description of UO9 secondary creep is done according to MATPRO-11 [D5b-

11]

- 1,411 - 107" . .
s [h 1 = = — + 1,131 - 107 % - M L1349 - 10 Bg) . o

(p~0,877) - d°

. -6
+ 7,285 - 10 BB 45
p—0,905 ’ v ({D5-12b)
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with
¢ = secondary thermal creep rate[ h-1 |
p = relative fuel density { -]
d = fission rate [ fiss/(cm3:s)]
oy = equivalent stress [ N/em?]
d = grain diameter [em}

®  Strain hardening and recovery, primary creep

According to the materials date and correlations, collected by Steinmetz and Fen-
neker [D5-9], fuel creep is modeled by adding a time-independent portion of defor-
mation to the secondary creep é.. This is done by the method of the so-called "pre-

run time”,

This pre-run time, multiplied by the steady state creep rate results in an instanta-

neous portion of the creep strain, or in a plastic strain, resp.

This portion of strain equals the limit of the strain hardening strain g, as de-
scribed above.

_ . -5 . 12000TK _
ey = 26 10 £, e (D5-13)

The strain hardening strain as a function of time may be described as follows:

, - Kot 3
By (0 = eg, (1 —e ) (D5-14)

Sometimes, in the literature a strain hardening factor h is defined:

b s (D5-15a)

Esio

or

My =1 —e ¥ (D5-15b)

The strain hardening rate is the time-derivative of Eq. (D5-14):

8.;;.'1(‘) =k oeg € “ (D5-16)

The following boundary conditions are valid:
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fort = 0: ey =& ey (D5-17a)
where £y 0) > ‘5.9 (D5-17b)
or Lo ) =k - oy (D5-17¢)

Betting equal Eq. (D5-17a) and Eq. (D5-17¢), one gets

ke

kY egne = S
e
g D5-18
k== ko ( )
5110

The expression for #'in Eq. (D5-18) can be inserted into Eqs.(D5-14, -15, and -186) :

b O =t —e 10 ) (D5-19a)

b0 =k g e S (D5-19b)

The time t as the independent variable in Eqs. (D5-19a and -19b) can be replaced
and the equations can be rearranged:

£

£
Sty St
t= - o tn ( o ) (D5-20}
i S
. - s
LSH{ESH):k g (1 - — ) (D5-21)
SHo
o Fuiy
fg T oo UM ) (D5-22)
S

The time-dependent recovery taking place in a material under consideration can

be described by a "recovery strain” or its rate ¢, (see also (D5-4, -5, -7)).

Gy = b ey (D5-23a)
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or

Eanr

R " bg (D5-23b)

Ysho
It can be seen from Eq. (D5-23b), that at the beginning of the deformation, when
gg; = 0, the recovery strain rate £, = 0. At this time, the main mechanism is
strain hardening. But when h = 1 (e, = ¢,,,,), i.e. the material has reached its fi-
nal strain hardening under the existing conditions the recovery strain rate is &,
= £4, which is the rate of steady state creep. The nonelastic deformation behaviour
shall be described so, that the total nonelastic strain is composed from a "harden-

ing” and a "softening” term.

g, Tty T gy, (D5-24a)

or
Lo ek (D5-24b)

Regarding Eqgs. (D5-21) and (D5-23), the total deformation rate is:

£ £
. y SHO SH
e =k e, (1 — ) toe, (D5-25)
u S g 8 e
SHO SHO
Rearrangement results in:
. . £q
SH _
e, = tg Lk~ th — 1)} (D5-26)
[
SHO

Eqg. (D5-26) can be interpreted as follows:
fort = 0, i.e. for eg,; = 0 the total deformation rate is only consisting of the

hardening portion
A

e (0) = ey - k= e (0) (D5-27)

The steady state will be reached for g ~egno. This state is described by Eq. (D5-
26) as:

)= ¢ (D5-28)

g, (L =ty 5

So the complete description of viscoplastic fuel behaviour is possible.
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D5.3.2.2 Cladding Material

e Zircaloy

When evaluating cladding creep test results with respect to the secondary creep
region (D5-12, -13, -14, -15) can be well interpreted by the quasi-theoretical ap-
proach according to Dorn [D5-16], It reads;:

gg k- T ¢, - ol
m TR (D5-29)
With
¢g =  secondary creeprafe
¢ = Boltzmann-constant = 1,38020- 1023 JJK
T = femperatureinK
D = Do e¥RT with Dy =5-104m%s
Q@ = activation energy = 2,594 - 10°J/mol
R = universal gasconstant = 8,314 J /(mol : K)
¥ = Youngsmodulus |
6 =  burgersvector (lattice parameter) = 3,232- 1019 m
¢y, ¢ = empirical factors
co = 2620
¢; = dimension factor = 4,60 1075, if E is given in N/m? and ¢ in h!

Eq. (D5-29) can be solved for ¢&:

f | 9 .:2- ol - QT
e Ih™ | =5381 10°E/T - ¢ (D5-30)

As usually in SATURN-FS, the required input dimension for E is N/em?. The nu-
meric values in the formula given above are only valid for a special type of Zir-

caloy, the factors must be adjusted to the material.

The maximum portion of hardening can be determined in the same way as for the

fuel.

Eepo T 47 Ls i (D5-31)

with «; =4,16-10°6
s = 12500
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T = temperature in K
&g = secondary creepratein h'!
esgo = limit of the strain hardening strain

As for the fuel , the irradiation creep term is added:

gy, = ésm’“ 'i-m (D5-32)
with .
e =435 107%. 0. ¢ (D5-33)
with |
¢ = fast flux in n/(cm2- s)
a = stressin N/em2

The term k = ¢, / ¢, for t = 0 has to be determinded. For the Zircaloy under consid-
eration it was determined according to Murty et al, [D5-13, -14] to

k=85 (D5-34)

So a complete description of the viscoplastic behaviour of Zircaloy is also possible.
¢ Austenitic stainless steel for FBR fuel pins

Only secondary cladding creep was so far taken into accont in FBR analyses. No
hardening or recovery models were used. This is justified by the fact, that the in-
pile creep of stainless steel cladding tubes is dominated by irradiation creep. This
results in a time-independent constant creep rate, which can be regarded as a part
of the secondary creep rate. Hardeining effects are of less importance but they can
be modeled for completeness. For this purpose creep tests with the stainless steel,
material no. 1.4970 were evaluated. From these tests the strain hardening limit

could be determined:

-5 -1 14400/
s:SHO=2,U5- 10 . a:S[h | - @ (D5-35)

with Tin [K].
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D5.3.3 Anisotropic Material Behaviour

The Von Mises equivalent stress oy as used in equations (D5-4) and (D5-5) will be
applied here in its generalized form in order to take into account anisotropic ef-
fects in the material, acecording to [D5-5):

VR —0)'+RPO,~0 )+ Pl <0 )’ (D5-36)

o =

" VRPP

The normalization factor V RP+P isintroduced so that the value of
generalized stress oy is equal to the axial stress o, when o, and oy are zero.

With R=P=1, the above formula describes isotropic material behaviour.
For a thin-walled tube the constants P and R can be determined from the following
special cases of loading:

. Uniaxial tensile test in z-direction:

where: 0y = 0,,0, =0 = 0.

On the basis of the Prandtl-Reuss equations, see eqs. (I}5-4) and (D5-5), the follow-
ing relationship holds (see [D5-20] and [D5-21]):

Ae R+pP -
Ai:“ 1
Ag S -R R(P+1) —RP
! a, PR+
Av —-P —RP PR+1t)

? (D5-37)

Thus, for uniaxial loading the following relation is valid:
R=— (D5-38a)

e Biaxial stress state:

In the case of thin-walled tubes under internal pressure there is approximataly a
biaxial stress state (0,=0) so that the following expression can be derived from
equation (D5-37):

P+
Ae, “p o7 0, (D5-38b)

E: ORI o
¢ —_— —n

R

For the special case of the thin-walled tube exposed to internal pressure anda = 2,
we obtain:
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At R(P42)

e (D5-38¢)
e PU—R)

Using equations (D5-37) through (D5-38¢) we can determine quite conveniently
the anisotropic factors R and P for thin-walled tubes in tensile and internal pres-

sure tests,

The description of the anisotropic behavior and calculation of an equivalent stress
according to the procedure described here by introduction of two parameters R
and P constitutes a useful approach in so far as familiar equations, such as the
equation for the Von Mises equivalent stress, are used. However, the derivation
explained here contains the restriction that the R and P values are the same for

tension and compression.

Using equation {(D5-36), equation (D5-6) can be written explicitly

(R+Plo -~ Ro, - Poz
. 1 ‘ .
fe, b= m —Ro_+ (R+RPo, —RPoz e (D5-39a)
—P()r - RP”: + (RP+Poz
and
— —
R+P —-R - P o
. 1 .
{SM}“—“ (“—“—“—*——RP_'_P)_ . -k R+RP -RP a, e (D5—39b)
—-P — RP RP+P o
L — 2

D5.3.4 Implementation into the SATURN-FS Code

In SATURN-FS the nonelastic deformation rate is described by a linear vector

equation,
with b b= A, b+ 1A, T o} (D5-40)
{[:'w} vector of the non elastic deformation rate
{1; } vector of the stress rate
@) vector of the non stress-related (thermal) portion of the
nonelastic flexibility
1A g matrix of the stress-related portion of the noneleastic flexibility
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‘The equations derived in section 2 can be transferred to the form required by
SATURN-FS in the following way.

Eqgs. (D5-21), (D5-23), and (ID5-26) can be written formally:

Eq. (D5-26), where fev corresponds to ¢,

fev = fev (SS,H,U) (D5-41)

Eq. (D5-21), where feskh equals £gyy:

fesh = fesh (egy,, 0) (D5-42)

and Eq (D5-23) where fer equals ¢5:

fer = ferie

st 9 (D5-43)
For the development of a Taylor series the total differentials d jev, d fesh and d fer
has to be set up, with the additional condition:

fev = fesh + fer _ (D5-44)

The total differentials read:

d fesh d fesh deg
d fesh = f fesh - di+———  —— .« g dt (D5-45)
de,, 0 ae., aa v
SH 5 u
dfer dfer ('JCS
dfor = fesh, - di+—=— - —= . o di (D5-46)
()LS” EJLS dou
SO dfev is
) dfesh  dfer i dfesh  afer deg
dfev = ( - + - ) feshy s dtA(——+ =) — - 0, dl {D5-47)
d gy d Ly 3] LS d LS d (IU

The total nonelastic strain rate is now described by the Taylor series and reads:

Jev () = /éu(!“)+ d fev (D5-48)
with d fev according to Eq. (1)5-47),
With the von Mises flow rate and the Prandtl-ReuB equations the vector of the no-

nealstic deformations can be written:
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{e, }=1{A )} faw (D5-49a)

He

From this and from Eqs. (D5-47) and (D5-48) one derives:

dfesh  dfer
+

it b={4,} - feu +iA b ( )féshu- de +

" degy gy
: (D5-49b)
dfesh  afe deg .
v f."_“+~’f"—")- S w
aLS acS auu
With
. U - .
o,={A, 1 - o} (D5-50)
it can be written
. afesh+d fer
{une} = {A ne} ’ (fE.’U0+ a £ ) fe“;h‘) ’ dt ) +
SH . (D5-51)
n dfesh+afe deg .
1A o4 b M 5. o} dt
e ne dl: aa
S 1
or with a fer 4 4 fesh =4 fev one derives
) d fev
(A1 1={A } - {fev + - - fesh, - di)
ne he { de 0
5H
. ofw 9%
e j=ia y s gt LSy,
. he ne ne 38, C‘U
S u
and finall
y (D5-52)

o p=1{a1 ) +lA2 |- fo)

he

The differentials used in Eqgs. (D5-45) to (D5-52) can be written explicitly in the

following way:
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d fesh _ g
degy Yo
dfesh 3 fesh de —k s
do v de g do Ceno
dfer by
en  Leno
dfer  afer dey ESH deg
dull aus aau sS”O aotl
a fev dfesh-t dfer Yo
f = - = {(1-—4)
gy Iy Esho
a8 de
dfev  dfesh+afer g
= g — = lk+
anu aeb, 60“ LSH()

|+

(D5-53a)
a'aS
— (D5-53b)
d(}u
(D5-53¢)
(D5-53d)
(D5-53e)
g
-k — {D5-53f)
do,

All these values are known from creep equations or from the evaluation of creep

tests.

DE5.4 The Thermal Sirain Rate

For the thermal strain rate of a ring element the following relationship holds:

{um} = R ©oa-

‘.
ral
[8

und{em} = {Ath}’ resp.

(D5-54)
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where Ray, Ray and Ra, are weight factors for a potential anisotropy of the thermal
strain in radial, circumferential and axial directions. For the isotropic case it
holds that Ra; = Ray = Ra, = 1.

The factor a is the coefficient of linear thermal expansion and T, describes the
time dependent change of the element temperature (i.e. temperature rate).

D5.5 Consideration of the Pellet Void Volume and of Fuel Swelling

D5.5.1 General Remarks:

The following section shows how the local, time dependent and volumetric distri-
bution of the fuel void volume is treated. Some of the representations and deriva-
tives used are based on a similar treatment in the CYGRO computer programs
[D5-5, D5-6, D5-171.

The following consideration are now dealt with; matrix swelling of the fuel and
the behaviour of pores and gas bubbles in the fuel, i.e. gas bubble swelling and
pore compaction as a function of the external pressure and of the hydrostatic pres-

sure in the pores.

Asin the preceding considerations, a pellet is assumed here to be been divided into
Nering elements. Each of these elements with the volume V corrésponding to
100% consists of the matrix volume Vg and the region of void volume V|,. The area
of the void volume can be divided into an area of true porosity (net porosity) = Vi,
and a matrix portion where porosity may occur and which is directly influenced by

the pores = V| p, resp.

For each category of void volumes i defined in the ring element (termed pore cate-
gory below) with i ranging from 0 to Np, the following definitions apply;

Vi volume of the i-th range of void volumes, related to the total pore
volume of the ring element (cf, V| ):

Vii=Vini+ Vi (¢f. Vi, =V + Vi) (D5-55)

Vi volume of the i-th category of net porosity, related to the initial

volume of the ring element,
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Vi matrix volume directly influenced by the porosity of the i-th pore

category (cf. Vi,10)

i integer variable for pore categories;i = 1,2... Np

On the basis of the definitions above the following relationships are obtained:

{D5-56)

=

1
IV

<

I

z

p

(D5-57)

<
|
1
<

._
Il

2

p
L (D5-58)

=
|
g
<

-
Il

Z

Np

Vit f’_ Vim (D5-59)

=
i
i

1]
—_

=1

For a further representation of the defined variables see Fig. D5-1.

D5.5.2 Radiation Induced Volumetric Change in Volume of the Solid Volume
(Swelling)

First Possibility:

Definition: Vipg(t;®)[s-!] = reference value of fuel swelling at reference tempera-
ture and pressure, e.g. room temperature and 1 bar.

Using the variable Vyy, a real swelling rate can be represented as:

Vol i=r, (p )V, (D5-60)

where fppis a tabular function of the mean ring temperature and of the mean hy-

drostatic pressure in the ring element.
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The hydrostatic pressure p is calculated as;:

p=-&)"- o)
r )7 o
ur r
p=-4 K, ' o, (D5-61)
a
124 zZ
p = - {Rm o +Rut o!-l- Ruz g

1

By=Ry=8,=3 (D5-62)
and hence

— 1 | _

p=- ;(0,.+U,+0z3 ' (D5-63)
Second Possibility:
Determination of Vp using any swelling formula from the literature,
D5.5.3 Consideration of the Fuel Void Volume
The following expression applies to the pore typei(i = 1,2 ... Np):

Vi =0, (D5-64)

i.e. of the solid part of the pore zone is constant implying that in that zone only
plasticity and creep occur, while elastic deformation is neglected.

(Incompressibility of the plastic and creep zones).

With

(D5-65)
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we obtain
Vi = Vi ' (D5-66)
Def.: _
Vi =T V) (D5-67)
Fo Vi = Vi = Vim (D5-68)
Cor V=V = Vi)
Definition:

N.; = number of the pores in the volume fraction Vy

Nyidepends on the temperature and on the time (and burnup, resp.)

Control of Ny i

The number of the pores of type i is controlled by means of two auxiliary functions.

The starting basis is a reference value N|,; (ref) indicating the number of the pores,
related to the entire element volume, under initial conditions (time t = 0).

Moreover, the parameter My, is supposed to be a control variable which may
adopt the three values +1,-1 and 0. This leads to the following relationship;

Mup, = 0: Ny; = Nyref) = independent of time and temperature

My = + 10 Npp=Npdref) - fras(T)
where foagq (T) is a tabular function of the mean ring tem-
perature T

Myr, = -1: T min(Ny, Nipidref) 'fgas (T))

Using the function Ny, restructuring and thermal densification can e.g. be mod-
elled.

Moreover, it holds that
R,; = radius of the pore type i in the volume fraction Vi, and hence:

3 a _
Vi = 30 By Np= Ty V) (D5-69)




-39

This is the absolute void volume of the i-th pore category in the ring. The radius of
the i-th pore category in the element can, consequently, be determined as:

1
30 [y V) 3 (D5-70)
R =f (V)= —"— |
@ ! 4 - NLi
Definition:
» R, = radius of the creep area of a pore in the volume portion Vi

» Vv, = volume within the radius R; of all N1 ; pores

Consequently:
4
Vc = E R H(: NL[ (D5-71)
V =4n- B N, - R (D5-72)
kc 1 ‘-}c
—== = (D5-73)
Rc 3 Vc

Since Vi = 0 (see equation (D5-64) ),it holds:

Ve=Vii for VysVesVy ' (D5-74)
and
o Vu (D5-75)
Rc 3VL
resp.

Equation (D5-75) describes a strain rate in two directions normal to the radius R,.

Assuming constant volume of plastic strain this yields for the strain rate in radial
direction:

. Rk R

0=¢. + — + —

ri R Rc

(D5-76)

¢
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and with (D5-75):

2V, (D5-77)

resp.
Accordingly, a rate of "plastic equivalent strain” can be defined as:

!
. 2(2 R, R\ (D5-78)
it g\ T g TR )
and
. 2V, .
o l Vi ' (D5-79)
viT | 3y
resp., or
po 8- 2.V, (D5-80)
oo
Vi 3V
C
where S;is the sign of vy,
D5.5.4 Change of the Void Volume - Fission Gag Release
Fission gas balance: |
Definition: Mg, is the number of the gas moles in the volume V,;,. This num-

ber is increased by the fission gas generation and is decreased by
fission gas release. The balance can be described by the following

differential equation:

Mg =A- b=B - Mg - D@D (D5-81)

where

coeffcient of gas production (moles/fission)

Y

fission rate (fiss/cm3.s)

burnup
coefficient of gas release

ke .
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Dgris a tabular function of temperature and burnup.

However, the second part of the equation can optionally be described by a release

equation taken from the literature.

The gas moles left in the various pore types of the fuel have to be attributed to a
given pressure pg, for each pore type, namely

Mg - R- T
by = —————— (D5-82)
! Vi
Def.: pg,=f WV, (D5-83)
Mg‘.(t)- R T
f V)= (D5-84)
pg i vLLi
With equation (ID5-68) we obtain:
Mgi(t)- R T
foAV )= (D5-85)
pg L (V. )
VLL Li
Exception:
For porosity generated during manufacture the expression
because: Mgi(t) = 0.

For Mgi(t) = 0 the volume V,;; is restricted by the fact that the following equation

must always hold:

pgi = 0 (D5-86)

Equilibrium between internal pore pressure and surface tension

Definition: R, = inner radius of the creep zone around the pore and

outer radius, resp., of the net pore

pai = interface pressure at radius R;
y = surface tension
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This allows the following equation to be written:

2 . D5-87
uk’, {pgl. —-p)=2uR -y ( )
and
ayo 2Y
P~ R (D5-88)
ar
resp.
Using the relationship _
By =l (D5-89)

and reformulating equation (D5-87) with the help of equation {D5-83) to read

- _ 2y
P, = fm(V“,t) = fpg(v“.,z) - P W, (D5-90)
we can represent the interface pressure P; as the function
Poi = e Vo t) (D5-91)

D5.5.5 Pore Densification and Gas Bubble Swelling

The problem of describing densification and swelling rests in the representation of
pore growth
_ }= Vi,
pore shrinkage
as a linear function of the pressure rate p.
Proposed solution:  Writing a relation for description of the reference strain rate
¢y as a function of the load rate 3.

The rate of the deformation energy in the i-th ring clement can be represented as

) Vi .
W ] N (D5-92)
! v Vi Vi ¢
L.l
or by
eV, (D5-78)

fvi T ‘ 3y
£
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. 2V, V.. a,,.
W o ’ Li ’ _ J welvi (D5-93)
! 3 v Vv ¢
LLi ¢
. 2V . V.. '
W = ‘ L ‘ 0 fn A (D5-94)
i g Vi v

This inner deformation energy must be equal to the work exerted by the external

(pressure) forces:

W=p, i;LLl - b Vi (D5-95)
With
Py =LV pt) (D5-91)
and
p=~{R}"" ) (D5-61)
or, since Vi = Vi (D5-66)
we obtain:
; : - ) D5-
Wiz(pm,— p- VL:' { 96)
Setting equal the internal and the external work yields
_ ¢ S' v,. 4] ;
p =S [ bV (D5-97)
w 3 V ] 4
ILi e
and
20 V..
- v Ly
p.— p=— - fn{ Y- 8 (D5-98)
* 3 Vi
resp.,

with S; = sign of the difference p,; - p.



Solving for oy yields:
_ 3 Silp,-p)
ag =
1% ( v, ) (D5-99)
2. tn| —
Vi
and
. 3 (b= p) |
v T v, (D5-100)
2- €n (——)
Vi
resp.

The stress-strain behavior of a material in the plastic zone can be described by:

o =K - LE (D5-101)
and
e =x- o (D5-102)
resp. ’
Likewise, secondary creep can be described as:
(D5-103)

The stress at the yield point, e.g. £, = 2x10-3 - can according to equation (D5-102)
be determined as:

2 . IO_S:x . 0':
and
5 1
(%___ﬁ) ; (D5-104)

resp.

Non-elastic deformation can now be divided simply into two zones, a creep zone
and a zone of ideally plastic behavior. This division is evident from Fig, D5-2.

The following variables are defined:
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Definition;

op = stress limit; corresponds to a maximum stress to be accommodated by
the material

o =R _- o (D5-105)
i sy

R, = empirical factor

¢y = creep rate at the yield point ¢, = u -ay"

B -«
S =tana= _¥___¥ :slope of the creep curve for o <oy

e
y

R, = empirical factor

Representation of deformation in the creep zone:

o, = Sc =y (D5-106)
and
1 (D5-107)
v T g %
;y . (D5-108)
v 7R .o v
sc »
resp.

Using equations (D5-105) and (D5-108), the following relationships can be indicat-
ed between o, and ¢

a . .
o, for o, =5, ¢,
?OI;d o, >0,,  resp.
OV —< . (DS'TOg)
Sc ’ iiV f()]." Up > Sc 8V
and

=
\_ for Oy =0, resp.
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and using equation (D5-80), resp., namely

S.-2-V

R S
viT T 3y
<
(f 2 - bc b: Vm
o, for o
» 3V
UV::<< 2- 8 Vv
¢ f Li f()l‘ 0 > 2 ‘Sc 6: V“
3 Vc p 3V
¢

P Li «
g for b & S c I3
P G 3V a
» e !
0, =
2 bu : Sil VLE for up V; 2 - bc b' v:;
3V 0 3V - o
[ p c
2- 8 S -V
Def. v o= e % tn
m 3 0

/‘
UP fDI" VL'S vpc
0y =< .
N
Op v for VU> Vpc
" I3

With the following definition:

(D5-110)

(D5-111)

(D5-112)

(D5-113)
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Definition: o, = fu (V. V10.)

one obtains:

o
2.5 8-V,
0, for v, = .
P
. (D5-114)
fsu(vc’ VLE) =<
2 bc‘ Si Li for V > 2 Sc 'S: vu
3 vc 3 o,
N

D5.5.6 Growth and Shrinkage of the Pores

The growth rate V1,; will be represented now as a linear function of the pressure
rate p.

Def.: P, VD (D5-115)

If one uses equations (D5-67), (D5-91), (D5-114) and (D5-115), it results from equa-
tion (Db-97):

fp(V V., ,t)—'/'pu(V :

» I )
ii’ 3 fsu{v[.f" vc) ‘ V_ dvc (D5-1 16)

fe?

f
VitV

Extending equation (D5-115) while taking into account constant pressure rates
during the time step At yields:

; + ;At:fp(VLﬁ V, At V141,1+Ar) (D5-117)

poE LY, AV ALY LAY = [N ) (D5-118)

The development of a Taylor series of equation (D5-117) by V' gives:

pA pAt=pH(V, -V, 1. ==t , (D5-119)
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solved for V.

- L A£ -
V, =V, '+ (W ) p ' (D5-120)

formally:

V,. =l o ﬁ | (D5-121)
Summation of all pore categories yields

V, =/, *+ fon ; (D5-122)

An alternative possibility is offered e.g. by the hot press model according to Mur-
ray, Livey & Williams [D5-18]:

3V, - 5
i 3V2 1
ST . +Bl+___. 2oV, en(—) (D5-123)
thi T ey | 2R 2 4 n LLi v,
with
L ? results the following expression
n 0
e=u - 0"+Ad- o (D5-124)
(see equation (D5-103))
in b =u - v - 0" '+ A (D5-125)
Ho
and
1 1 -
n R

resp.
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This yields for n

" |
s | (D5-127)
w- vl p "7 A |

According to the hot press model the total irradiation induced volume change is

rl:

obtained as:

V=R, (1 VetV (D5-128)
formally:
V=l P (D5-129)
3 vui ¥ 3 CLLi gt SV—EZ 1
V=g n R "1 Th ey o+ — 0 Vi tnd ui) (D5-130)
. v o ) V. .
3 LLi Y 3V 2 oy 1 3 LLi T
-2 2222y p—) = — - =k )T
v} 1 0 Hut+ 2 Vi nlvw)+4 . (=R, o}
(D5-131)
+V, {-8,)" {o)
Formal representation:
(VI=1A 1 +1A, 1 fo} (D5-132)

This implies the description of fuel densification due to hot press effects using a

linear matrix equation.
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D5.5.7 Joining Matrix Swelling and Gas Bubble Swelling/Pore Shrinkage after

Originally Separate Analysis

According to equation (D5-59) it applies:

V=V +V,

or, in a different representation:

Vi=rlythy, - »p
where:
According to equation (D6-61) it applies:
P ={~R, " {0}

Hence:

V= fy=fy, - LR (o) ]

with definition of irradiation induced strain rate as:

Def..  f{e, }={R,}- V
it can be written formally:
fo, b={A, 1A, |- {0}

irr or

and hence a linear matrix equation applies, with

.
[Ay, 1= = 4Ry} - £y (R,

(D5-133)

(D5-134)

(D5-135)

(D5-136)

(D5-137)

(D5-138)

(D5-139)

(D5-140)

(D5-141)
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D5.5.8 Pore Migration

At time t, the volume of a fuel ring according to equation (D5-59) is composed of

the matrix and void volumes:
Vi= Vet Vi .

The gross void volume is made up of the net porosity ViLi and the zones of creep
and plastic deformation of the pores, (V,15i). Now, additionally matrix swelling,
gyl shall be introduced into the considerations. Considering the i-th porosity cate-
gory for a ring element, its portions are composed as follows:

Voor = Vi + Vir + eve . (D5-142)
All these variables are related variables so that it holdse.g.:

Vigi+ V=1 . (D5-143)

Conseguently, equation (D5-142) becomes:
Vipgp = 1 + eyp (D5H-144)

To consider pore migration, Vpor is used as a reference variable so that it can now
be defined:

: T _
v oo (D5-145)

Lir
V’J‘OT

Example;  Porosity in the initial volume of the fuel at time t = 0:

vl,l,i

_ e 2 s
vLLil relatiuel - V() =98 10 (density = 95 %)

Swelling causes a change in the volume V, to become Vy + typ = Vyor.

This giVES anew Vi rivelativer

VH.! VU V[‘[.i

Vo s
LLil relative,
2 Vy Vieor  Veor

Accordingly, the following expression holds for porosity in a fuel ring at time t:
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_ 1L 2 2. ) .
Vi= Vyor Clrer) =V, K (D5-146)

where

rjt  external radius of the fuel ring
ri:  internal radius of the fuel ring

To differentiate the indices of the ring elements i, the pore categories will be
marked KG below, where KG=1 ... NP. Thus, for the creep and plastic portions of
porosity, now summed up over each porosity category, it holds that

V= 2 (VU,E(KGHuVF)- ——= > (vu‘.t.um)-mw)- K
KG=1 TOT KG=1

At the end of each time step the void volume leaving the ring is subtracted from
ViLr and the void volume coming from the ring adjoining outside is added.

The matrix volume V[,p; is considered to be constant and gives so the basis to de-

termine each new ring radius.

The new porosity distribution and the new ring radii are determined as follows: we
imagine a fuel ring with an inner radius i and an outer radius]j.

After a time dt the portion of porosity of a given category which has'left the ring
towards the center can be determined according fo equation (ID5-146):

VLLJ
d(v!Lr}i = - p, dt- 2o r. (D5-148)

14 r
Voors

where p; is the migration rate of the specific pore category considered under the
conditions of the relevant fuel ring.

Accordingly, the porosity which came from the next cuter ring can be written as:

VHJ

d(V

) =
g
Vior

LLr dt‘ 2n0r. (D5"149)
W 4

For V,,, at time ¢+ d¢ it consequently holds:

v, .. vV, vV,
1 (rz,mr;.z)— L P, dt 21r -+ L pjdt Zurf_ (D5-150)

4
rori TOTi ToTyf

v, lirdl) =
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The volume Vi, keeps to be determined by equation (D5-147). Now Vi,i.r will be
re-normalized again because all expressions for V can be interpreted only in the
correct relation to each other. Re-normalization shall be made in such a way that
the new value of Vy,1,; and hence the new ring radii are chosen go that the new val-
ue of
Np

>V, EG+e,) is equal to the old value.

KG=1
This is done by division of equation (D5-150) by the expression K of equation
(D5-146).

This gives:
p. - dt - 2r . Voot 2r.
v, (rdo =V ‘(t)(l— ! ’)— 0 v e opdt—2 (D5-151)
A Lid ) 2 2 174 (N {44 J 22
ro—r, Oy ro—r.
J ! : J i
Vpgri is obtained as:
, Np .
V,I,O,!,t.(t-l-(it):( > VJJ.E(KG))“FL‘.VF-FVHA.(H‘dﬂ (D5-152)

KG=t
To determine the new ring radii a relationship is established between Vgrpi(t) and
Vregri(t+dt):
V'r(m{”d” B V,!.m.i(t) (D5-153)
r e dof-Ir e+ dof® 1 gof=1r oF

- With the help of equation (D5-153), ri(t + dt) can be calculated recursively because
the outer radius of the oulermost ring elementi does not undergo changes due to

pore migration.

Moreover, the following restriction applies regarding the time step control: To
guaraniee that the porosity migrates in each case to the adjoining ring only, the
computer time step At must be chosen to be so small that the pores can migrate at
maximum a path corresponding to half the distance to the next inner radius. This

can be expressed by the following formula;

p, e ALE 06 —r ) (D5-154)
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Procedure in the computer program

Swelling of the fuel matrix is computed in the SWELLB subroutine from which
various models taken from the literature can be called.

The fuel void volume is computed in the PORMECH, PORMIG and PORCOM sub-

routines,

PORMECH computes the behavior of pores and gas bubbles, i.e. pore swelling and
densification, as a function of ithe external pressure and the internal pore pres-

sure,

Moreover, the partial element flexibilities {A1;+} and [A2;,,] describing the influ-
ence of swelling and pore migration on the element stiffness are calculated in

these subroutine.

PORMIG describes a pore migration procedure, with special emphasis on the con-
sideration of the change in the pellet geometry. Despite the redistribution of void
volumes, the number of the ring elements remains constant in the model devel-
oped here; only the radii undergo variations, This change in the element radii is
computed in PORMIG. PORMIG calls the WANDER subroutine, The latter is a
mode! taken from the literature, e.g. from [D5-19] which determines the pore mi-

gration velocity.

The PORCOM subroutine computes the integration of the rates of pore migration
and swelling over time and determines at the end of each time step the number of
the gas moles released, both per pore category and in total. Furthermore, the gas
pressure in the fission gas bubbles is determined, the resulting pressure is calcu-
lated from the gas pressure and the surface tension, and the radius is determined

for each pore category.

D5.6  Swelling of the Cladding

The swelling rate of the cladding can be described as a function of the local clad-

ding temperature and the neutron dose.

Besides this general possibility of describing cladding swelling, the Interatom
swelling formula will be applied to describe cladding swelling for materi-
als 1.4970 kvand kv.a.
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D5.7 Addition of the Strain Rates

The strain rates derived in the preceding sections can be added and represented
formally by the following equation: '
(i

B
tot

b={A 1 +14,10 {0} (D5-155)

where the matrices {A(} and | A} are composed each of:

{A ) ={A J+{A, bH{A, (D5-156)

Ine lirr

{A1} being the not stress related or thermal flexibility matrix resp.

LA, =TAV+ 1A, I1+14, | (D5-157)

] 2irr

The matrix [Ag] is defined as the stress related flexibility matrix.
Finally, the stiffness calculation is done, by inversion of the flexibility matrix as
already mentioned at the beginning of this section. This resultsin

{0} = B)+1B) - {¢) (D5-158)
with

_ -1 .
Bl =14, (D5-159)

and

(B} =—1R1eiA ]} (D5-160)
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Fig. D5-1:

Fig. 1)5-2:

‘ Vi ‘ Vie Vis
kgz kg=2 kg=3 = NP
RINGI -
00000 CODPOO
Xif Q\o 00 0/ 00 RING VOLUME Ve
el K2
Vi Vi ViLs Vs (t4)=0

Vi, Vg, Via fraction of the area of void volume of category kg in the ring

volume Vg ,related to the initial volume of the ring i

Example: The pore zone of category kg = 1 { V1 ) takes 20%
of the original volume of the ring i, namely: V1 = 0.2,

VL, Ve, Vi fraction of the true void volume (net porosity} of category kg in

the volumes V1, V| p, Vi3, related to the initial volume of the
ring i.
Example: In the ring i, the pore distribution is as follows at
time ty:
total porosity: 5%
porosity of category kg =1:2% — Vi1t =0.02
porosity of category kg =2:3% — Vi =0.03
porosity of category kg =3:0% — Vg =0

Modeling the fuel porosity in the i-th ring element (Con51derat10n at
time t = {1)

O, = Rgp * O

[ Y

PLASTIC DEFORMATION

CREEP

ﬁy Ey

Modeling creep and plasticity in the pore regions
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D6. Establishing the Equilibrium of Forces at the Element

Work done by the external forces

For the work done by the external forces acting at the element, the following rela-

tionship holds:

#FyT - utydv (D6-1)

B 4 A ‘ ]

n
Wext: Z {I.ve}l . {u+}+ J
= A

where
n = number of element nodes

ut = virtual displacement

1
{Fe} = {Fe’} vector of the external nodal forces

LT

I
{FA} = {P,a r} vector of the distributed surfuce forces
oz

¥

., g Vr
{I' v} - {}"

Ve

| vector of the volume forces

For the rectangular element with four nodes chosen here, eight nodal forces are
obtained ; cf. also Fig. D6-1:

/ Fe Lr \

It
e2z
{Fe} = < Feiif' > (D6"2)

edz

edr

A simplification can be made because for this rectangular element, the surface

and nodal forces can be combined as shown in Fig, D6-2:
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Fel r + F‘Mr + Fam =F

en

Fe2r + Fe.‘.!r + F =F

arb " eb

Felz + FeEz +Fe3z + Fe4z + Faz =F

e2

»
eq

hence = Fes (D6-3)
FUZ

Furthermore, it applies: Bl ={}=0 (D6-4)

For the work done by the external forces the relationship holds:

e

W= (Y ) (D6-5)

Equation (D6-5), expressed in explicit terms, reads;

' s -
R ﬁea I?a
o F
W, = b R, (D6-6)
F o ”

z

Work done by the internal element forces

Generally, the work done by the internal element forces can be expressed as:

W, = ]v{o}’f'- {e}dV (D6-7)

If the volume V,, normalized after each time step, is assumed to be the element

volume, one can write:

v‘v!: v, {o 4 {;-,} (D6-8)

and

W=V {0l 1CI fu) (D6-9)

resp.
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Setting equal the work done by the internal element forces with that done by the

external forces

If the work of the external forces resp. their rates as described by equation (D86-5),
is set equal to the work or the rates of the inner element forces represented by

equation (D6-9), one obtains:

"
7y {uy = vytel - 1C] {a)

(F Y =viet - 1C]

(Fy =v, - 11" {o}

(D6-10)

(D6-11)

(D6-12)

(D6-13)

The description of the element forces according to equation (D6-13) will now be
modified according to that for stresses, displacements and strains. This will lead to
the description of the force rates. For this to be done, equation (D6-13) must be dif-

ferentiated with respect to time:

In a formal derivation, equation (D6-13) reads:

dl

{Ll}:\%[é]’.{q}+-VM(7ﬁ“ {é}

The matrix [C]T is obtained from equation (D4-24) as

o 1
0
’u—rb ra+rb
o — 1 1
e’ = : 0
qur!b r+rb
1
0 0 —
£
L 2z

(D6-14)

(D6-15)
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- a(ra—rb) 1 r’J(ra+ rb) .
2 at 2 at
(ra - rb) (ra + rb)
. 7 +1 B(ra—rb) -1 a(rqurb)
IC1° = 5 - i ]
(r —r)° di (r +r) at
u b a b
af
1
0 0 —. =
P
— z —
{D6-16)
With
or - of
—~ = R £ = o
at a4 o z
dar ’
[
b _ Rb
at
the product (¢ - {o} isobtained as follows:
—U’ R Ur . —{J 3] .
R + R R - R 0
. 2 a e b 2 o . 2 b
(fa—rb) (ra—rb) (ra+rb) (ra+rb)
" ﬁ-nr . a, . =0, . o, .
er el r —r)? Ra B r —r) "y r +r)? o ™ r +r)? i °
a b o b a b '] b
o, .
82 z
Z
e )
(D6-17)

A new matrix [Cgs| can be introduced so that the following relationship holds:

1C1™ fo} = e, {uj (D6-18)

Consequently, equation (D6-18) can be formulated as follows:




—0 0 a o
r t r 3
] 2 9 9 g
(:ﬂ—rb] (rﬂ+rb) (ru—rb) (ra+rb)
. o a -0 a
{C]l . {0} - ? _ i : r _ ¢
r —r)?  +r) ¢ —r)? r +r)?
a b a b a b a b
0 0
With
g o,
C, = 2 and C,= P we obtain
(ra—rb) (ru+-rb)
B Al Y Al ¥ N /.
—(,lw(',2 ( 1—62 0 Ra\
.‘1 T _ ¥ ¥ ]
LCL - {o} 61—62 -C “(’z 0 . < Rb
o, .
0 —~ )
¢ ~
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Thus, equation (D6-14) reads:

— . S
(F1=v,c1" - {or+VlC,|

{u}

(D6-19)

(D6-20)

(D6-21)
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Fe42 FeSz
F, F.
edr n-»' 1‘ edr
4 3
ELEMENT i z
Fo1r 1 2 Feor
- g -
A r
Fe 1z FeZz

Fig. D6-1: Nodal forces acting on the element

4 3 Z
Fea Feb
—b q—mmw

2

77777777777

Fig.D6-2:  Combination of surface and nodal forces acting on a rectangular
element
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D7. The Element Stiffness Matrix

Introducing equation (ID5-158), which represents the vector of the stress ratesas a
function of the displacements of the nodal points, into equation (D6-21), one ob-

tains:
{;’"e}= VO[CIT( {B+IB,i- 1C]- {t;})+ Voo 1€, 1 {u) (D7-1)
Re-formulation yields:

. oo o v v .
{F =V, IC] {nl}+(v0|c1 13211(,1+v0|(,wj) {u} (D7-2)

Equation (D7-2) can be formally written as:

(P y= (B Y+ 1B 1 {u} (D7-3)

with
B, =V, (€1 B} (D7-4)
(B 1=V, ([cﬁ' BJICIHIC, I) (D7-5)

where the matrix [ Byl is the stiffness matrix of the ring element. The matrix {B,,}
is that of the so-called "thermal” element loadings.

As the matrices [Bg] and [Cee] are symmetric, the element stiffness matrix [Bgg] is

also symmetric,

The matrix |Cge] has been derived from the large deformation theory [D7-1]. In the
problems Lo be analyzed here it is not essential to take it into account. For this rea-
son, the user of the program can optionally activate or skip the matrix [Cyel.

Setting up the element stiffness matrices (equations (D7-4) and (I)7-5)) terminates
the consideration of the element mechanics. The element stiffness matrices de-
scribe the behavior of one element by defined material characteristics under ther-
mal and mechanical loads. These stiffness matrices are consecutively set up for all
elements, both of the fuel and the cladding.
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Procedure in the computer program

The result of Section D4, the mairix of the shape functions, is calculated in the
SHAPE subroutine. This subroutine is called for each element.

The matrix [Cg] is likewise calculated for each element in the CMAT 1 subrou-
tine. In the MATH and MATB subroutines the Young's modulus, the Poisson ratio
and the thermal strain are calculated for the cladding and the fuel.

The material laws and the flexibility matrices, resp., described in Section D5 are
calculated in the subroutines;

ATH for | Akl

ELAS for [Aell :

ANE for [Anel and
PLAST for [Alpe]l and [A2,]

PORMECH for [Aljrrl and [A2ip]

The element stiffness matrix for each element is determined in the STIME subrou-

tine.

Reference:

[D7-1] O.C, Zienkiewicz:
Methode der finiten Elemente,
Hanser-Verlag, 1975.
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D8. Assembly of the Elements to the Complete Structure

After the stiffness has been determined for each element, all elements of the fuel
and cladding are combined so that the total stiffness of the fuel and the cladding is
obtained.

Starting from the consideration of any element, the assembly will be described

here.

The element displacement rates and the external forces acting at the k-th element
can be written as follows, e.g. for the fuel:

ko
eyt =< e (D8-1)
z}z
r .
ka
{f"y}k = g:kb {D8-2)

With a number of N-1 elements, i.e. for N radii, N-1 systems of equations of the
type of equation (D7-3) are obtained:

{FU }k :{Bet "+ (B, 1, - {u }k (D8-3)

with: k = 1.2..(N-1).

For the rates of the total external forces acting at the structure the following rela-

tions hold:

L (D8-4
F la }'“u )

Fov s = ¥ (D8-5)

et kz ' z (DS-G)
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Moreover, the following equilibrium of forces at the interfaces of the ring elements
apply:

Fku = - ff‘(k_”b (N-2 equationS) (D8‘7)

Furthermore, the rates of displacement of the external fuel contours can be writ-

ten as follows:

B, =R, (D8-8)

R (D8-9)

B ov_1s =By

and the following condition of continuity holds:

Ro=R, 1 (N-2 equations) (D8-10)
The number of equations available for determination of the overall equilibrium is

5N-2 using equations (D8-3) through (D8-10).

Using these equations, three stiffness equations of the following type will now be
written for the fuel:

(Pt ={B,) + Byl {u,} (D8-11)
Fee
iyt =< Fob
['Bz
.
}.{Ba
iy} =< By,
uBz
N

Based on the assumption that the assembly for the first k-1 elements has already
been completed, this leads to the following equations:

- + 1, D8-12
=B 0t B0 has ! - Tyt (D8-12)
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. {‘130
with  {F, } = Foo e
Fl(k—llz

. {EBa
and  {u, |} = Ren

uBz

The equation describing the element stiffness of the k-th ring reads:
AEY Ltk tky e _ D8-13
()= (B + B - {e'®) ( )
The rate of work done by the external forces on the structure of the first
k-1 elements is obtained as follows:

i ={JI T. ; _
Wigon = b ey gyl (D8-14)

For the k-th element the following relation is obtained:

Wk _ {Fim}'{' MR (D8-15)
Sum of the equations (D8-14) and (D8-15):
“'/lk - {I‘1k_ i }T . <I; e 1) }+ {]?:k)}T . {.u(k)} (DB“i 6)
or
1 A T D8-17
Wlk”{ﬁtk- TR A (D8-17)
with the dimensions:
r
k,,
E
kb ({D8-18)
D =
{ th— Lk } < I‘Bz
R e




and with the forces

rFBH
}“'I
kb
{F } = .
th—1)k < ]'uk~1)z
F(kﬁl}b_}'fi.&a
Since
a{D} .
il S
ail tu)

one can write:

fu, (J=1C ey
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Sk _ ¥ y
T =1C, 1, )
with
; 0
R, 1 0 0
: _ 6 0 0 1
le—IJ.’J -
u,, | o o 1 o
- S
-
[Ch.t]
' 0 0 0 1
R,
; _ 0 1 0 0
Rkb =
”Bz ] 0 1 l)_
. /
'

m.

Ba

kb

-R:‘,

Bz

(h—1 b

}?Ba
Ry,
7]
R(k— e

iz

(D8-19)

(D8-20)

(D8-21)

(D8-22)

(D8-23)

(D8-24)
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Hence:
I P , SUNG . . (D8-25)
iy = (18,071 T i) i, )
and
' r v U0 Pl o D8-2
“’lk—nk} =iFy X 1€, HF) [(‘e] ( 6)
resp.
or
\ VPR Tk D8-27
{ﬁ(k—nk}ﬁmkq' ”'k—l}+{(’e| {[e} ( )
Differentiating with respect to time yields the following
F —c. . (F ek D8-28
(Fpod =G - R +IC - {F]) ( )

Equation (D8-28) éan now be written formally so that the force-displacement rela-
tions can be described, provided that the k-th element is attached to the k-1 ele-

ments previously assembled:

b [B(k—hk] ' {u( k—l)k} (D8-29)

o = By

Thus, equation {D8-29) describes the stiffness of the structure from eilement1

through element k in the case considered here.

The two matrix expressions in equation (D8-29) read in detail:

"R e (D8-30)

{1 =IC,

(k—l}kt} t h—1114

(see equation (1D8-13))

—c 1" e g e D8-31
tk--—l]kliicl,mll ”jlk—l){k—lli l("fc—li-i-l(/el IBes “("el ( )

(see equation (D8-13))

As the matrix /[8,.1)/ is positive definite, it can be inverted so that equation
(D8-29) can be solved for {u .14/

= {4 b+ 1A

fe g et Ch— 1ok el Wl P (D8-32)
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. i -1
with A == B ) B, i

_ -1
and A, =—1B I

(k= 1)k

As there must be an equilibrium of the forces at the interface of two ring elements

when they are assembled, the fourth component of the vector {Fy. 1)k} in equation
(D8-19) reads as follows:

Fong THe =9

(D8-33)

Consequently, the fourth component of the vector {Fy.1) }in equations (D8-29)
and (D8-32) also becomes

F, o VFL =0 (D8-34)
Thus, the first three lines of equation (D8-32) can be formulated as follows:

(b= A4+ 1Al - {F,) (D8-35)
where Ay consists of the first three elements of {A,,.;),, } and 4,, of the first three

lines and three columns of the matrix fa, /. As (A Jis positive definite, equa-
tion (ID8-35) can be solved for the vector of the force rates:

{F =B +1B,,1 - {u,} (D8-36)
with
—1
B =—14,17" - {4}
_ -1
1B,,1=14,,1

Equation {D8-36) is the required equation for description of the stiffness of the
structure of the first k-elements.

Special case;

For k& = 1 it holds;

——
oy
[

——
i1

. (1)
1t {Ijet}

_ (1
B, =18 |

[
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For & = N-1 it holds, e.g. for the fuel, subscript B:
B} =By _h 1Bppl = 1By _ -]

and hence;

(R 1= (B + 18,0 - {uy) (D8-363)

The procedure is similar in assembling the elements of the cladding. According to
equation (D8-36a) with the subscript H meaning cladding, we obtain:

(= 4By b+ Byl - fuy (D8-37)
with . I."Ha
Wyt = oy
Hz
and . R_Ha
{u,H} = RHb

Wiih equations (D8-36) and (D8-37) available, a general solution is now at hand
for the description of the relationship existing between the forces or their rates
resp. acting on the structure, and the resulting displacements and displacement

rates, resp., of the structure.

Procedure in the computer program:

The assembly of the elements of the fuel and cladding and the generation of the
structure stiffnesses are performed in the ASSEM subroutine. The matrices [Cg]
and [Cy 1] are get up by the CMAT subroutine.
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D9, Kxternal Forces Acting on the Fuel Rod

D9.1 Pressure Forces and Contact Forces

The external forces in the fuel/cladding system are pressure and contact as well as

friction forces, as represented in Fig.D9-1,

Assuming the axial length normalized to unity, the following relationship holds:

L, W="L (=1

The pressure forces exerted by the fission gas pressure pgap are:

ﬁpBa - 2[IRBQ ' LBz ' pgap

il b:ZHRBb‘ L

vB Bz p gap

— 2 2
prBz—2r1(RBb—- RBa) p

gap

Equations (D9-2), differentiated with respect to time, read:

2Rl:la . I'Bz
{(Foyt=u- 2Ry - by, T Py
2 2
N (RBIJ - I{BQ)_‘

Accordingly, the following expression applies to the cladding:

[ . ]
. 21{”(1 - 1,”2 ' pgup
{Fph=m- 2Ry Ly Py
2 : 2 :
P sl T

where p; stands for coolant pressure.

The total loads on the fuel and cladding system can be separated into pressure

forces and contact forces:

For the fuel:
FBa = FpBa
I’Hb == pBb I’ZCUH
PBz == ["uBz - FBcun

(D9-1)

(D9-2)

(D9-3)

(D9-4)

(D9-5)
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and for the cladding
FHa =t prla + F‘.Z:.‘(m
Foy=— Fpﬂb (D9-6)
]“Hz - Fsz + F.’hmn

resp.

The systems of equations (19-5) and (D9-6) can be differentiated and written as

matrices:
For the fuel
{FB}:[CB] ' {FpB}—}_ICBl ’ {Fcon} (Dg--")
For the cladding
{F t=1C,1- {FPH bHIC, - AR, (D9-8)
with
-
1 0 0
[(‘B!: 0 =t 1] (D9~9)
0 0 -1
0 1 0
IC” = 0 0 0 (D9-10)
8 4 1

The vectors (¥} and {F,uf are known; {F.on Must be determined using the bound-
ary conditions. The first component of (K.} is f; =0, since there is no contact pres-
sure from the central channel to the pellet. The second component Fg is the rate of

the radial contact force normalized to the axial length
F'Q = FR (Dg—ll)

The third component g is the rate of the contact force which is transmitted by fric-

tion and which acts in axial direction.

Fy = by (D9-12)
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D9.2 Friction Between the Pellet and the Cladding

Radial and axial displacement take place after closure of the gap between the fuel
and the cladding. This is due to the forces whitch are evaluated above. There is
also possible relative displacement between the fuel and the cladding due to slid-
ing friction. These effects are now analysed.

For the axial friction force the following expression holds:

F4

e
pos | we Fae (D9-13)
0
where ¢ is the contact length.

In the case considered here, equation (D9-13) will be simplified by introducing a
mean friction coefficient which is independent of the contact length so that we oh-

tain in an approximation:

. (D9-14)

Fo=n- Fy

The equations used to describe the forces and relative displacements at the contact
surfaces between the pellet and the cladding are supposed to take the form:

Ae = a + bAL+ AR, + riﬂlf’z {D9-15)
B gy =) = [+ AL+ RO, + kAF. (D9-16)
where
Ag; =  axialrelative strain between the pellet and the cladding
rigg =  innerradius of the cladding
gy = outer radius of the pellets

In case the fuel and the cladding do not contact each other, A(ry,-rup) >0, Fip =F,=0.

The rates of the external forces acting on the fuel and the cladding are given by
equations (D9-7) and (D9-8); the vector for describing the spacing between the fuel
and the cladding reads:

i Ila

i} = By Ey, (D9-17)

b = L
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Differentiating with respect to time, the relative rates of displacement between

the fuel and the cladding are obtained

R

Ba
ir = RHa - RHb (D9'18)
Yz T Pns
or
1 0 0 Ry, ¢ 0 0 g
(D} = 0 -1 ol - Ry, > + 1 0 0 : R, (D9-19)
0 0 -1 gy, 0 o 1 Ch.
{Cgl = (CBIT {Cyl?

Consequently, the expression reads:

; — ’j‘ - Y ’1' * -
{Dy=1C, 1" - {u, 1 1C 1 uy, (D9-20)

The stiffness equations for the fuel and the cladding yield: (cf. equation (D8-35):

{QB}:{A,”} LA AR (D9-21)
with
_ 1
{Am} - _[Bmel ’ {Bm}
: _ -1
A gl =18, (D9-22)
{“'H} - {Am} AL {Fn}
with
Ayl =-18,, ot (B}
__ 1
IAHHI =1 Buul
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Introduction into (D2-20) yields:

. o T . y o7 )
{D}=IC410 - A P HICHT - LAl {Fy)+ l('ul Ay icy, " Ayl {F ’
(D9-23)

Rearrangement, we get:

IDy=1C,1" - A 1,1 1A, e, 1Al {E'B}Hc,,l"‘- 1A {E'H}
with (D3-24)
{T;'B} = ICBI{f.PpB}+[CB]{I:‘m} (s. equation (D9-7))
and
(K} = G HE 1+ € R, ) (s. equation (19-8))
one finally obtains:
(DY={A}+1AL- {F ) (D9-25)
with
(A} =1C, 11 A, 1C, 1 A HIC T (Al (G0 )+
HE I LA, e 4R )

and with

g (T , T .
|AT=1C,15 1Ayl 1C,1 FIC, ) 1A,,0- 1C,)]

pel It

In explicit terms, the vector (D} can be writien by its components as follows:
Dy=Ap Ay Firdy Forayg F

D.‘z: Ay + Ay KAy, F oA, F

" (D9-26)
Dy=Ag v Ay FLHA, ForAy R,
Since iy = 0, one obtains:
[) = RBa '
D= A, + Ay B 44, F (D9-27)

: D:s FAg v Agy VoA ALF

Now several cases can be distinguished.
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1st case: There is no contact between the fuel and the cladding. In that case,
contact forces are neither acting, i.e. ¥, = ¥, = 0, and

D, = A, D, = A, : (D9-28)

2nd case: There is contact between the fuel and the cladding. In that case, the
general expression D5 = 0 holds which means that the radial dis-
placements of the fuel and the cladding on the contact surface are
identical.

Now, there are two possibilities of axial relative displacement: adhesion or slip.
The case of adhesion will first of all be investigated. In that case it applies:

DS;U

This yields the axial and radial contact force rates from equation (D3-27} as;

A -Am—Am-A

3t 32
I —
oAy A_32_ Ay Ay (D9-29)
"o Ay A Ay Ay ‘(09 30)
' Aza' Agy = Ay Ay

The question is asked whether the condition of adhesion is fulfilled; in that case,

the following expression must be satisfied:
Fo+F, - AL=p(F +F - A (D9-31)

where F, and I, are the axial and radial contact forces, resp., at the end of the last

time step and p is the friction coefficient,

If equation (D9-31) is fulfilled, then expressions (D9-29) and (D9-30) are the axial

and radial contact and friction forces, resp.

However, if condition (D9-31) is not fulfilled, i.e.

Fo+AF > p(F + AF ) {D9-32)

z

the second assumption will apply which describes slipping of the pellet and clad-
ding against each other. The maximum force rates which can be transmitted are

calculated as:



-80-

HF +AF)—F (D9-33)
2 At

[;1

- AL —p- FI—A, - Al
% 2z ' 2 (09_34)
' Bogp+p - Ay)- A

In this way, all elements of equation (D9-7) and (D9-8) have been determined and
the overall equilibrium of the structure can be calculated.

Procedure in the computer program

The pressure and the total forces acting on the fuel and the cladding and likewise
the free displacements of fuel and cladding are calculated in the FORCES subrou-
tine, The FORCES subroutine also queries whether the fuel and the cladding are
in contact. If so, FORCES calls the CONTAC subroutine which computes the rates
of the radial and axial contact forces. The matrices [CB] and [CH] are called from
the CMAT subroutine; the friction coefficient p is made available via the input.
The time interval At is the result of a time step calculation which is done in the
DTIME, DTTEMP and DTPOR subroutines. This will be reported elsewhere.
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FHa =— H |—=Fpp >
FHz /
F3 \

4

Fo w—| H >
Fsv /
Fsz \

I“-“pHa"“”W H _*»Fpr >
Fsz /

External forces as the sum of pressure loads and contact forces
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D10, Computation of the Stress and Strain Rates of the Elements

The forces acting on the entire structure have now been determined. What now re-
mains is to use this information, together with the calculated stiffness, to deter-
mine the displacement, strain and stress rates of the individual elements. Starting
with a general force-displacement approach for the structure, the computation
proceeds in reverse fashion to the assembly of the elements.

The procedure of computation for the fuel is as follows ;

for k = N, it applies

(F ) ={F,} (D10-1)
and
.
o
. I3
p _ B2
{ k""k} < ¥ (D10-2)
0
N
This yields
{u.(k—l}k}: A gt 1A Fp_pe! (D10-3)

because when beginning computations for the k-th ring, the first three compo-
nents of the vector (F, 1),/ (see equation (D8-19)) are known. The fourth compo-
nent is found to be zero which means that it is also known (see equation (D8-19):
Fik-1)p=Fpo). Consequently, the fourth line of equation (D8-32) yields the displace-
ment rate Ry, which is identical with &/, _;)s, so that all components of the displace-

ment vector {i, )./ are known,

The displacement vector of the k-th element can be calculated from this as:

2 = 1CE) - {u D10-4
fa V" =1CET - {uy, ), ( )

The force rates at the k-th element are obtained as
{iﬂe }k = {Ber.}k + [Heﬁlk . {1';,e }k (D10-5)

For a general k, i.e. for k < N, it follows:

However, all these components of the vector are known, namely:
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Fm
N _i'lk
{F }= el
(h— 11 & < i " (D10-6)
Bh+1)3 7 el

e G
e Fg,is the radial force on the inner edge of the pellet.

e -I',; is the negative 1st component and F,s* is the 3rd component of the vector
of the force rates of the k-th element, i.e. the element calculated last.
One can calculate from this:

fteh-1) 1/
fize}"
{F} ete.

The procedure is similar for the cladding.

The strain rates of the individual elements can then simply be calculated from the

displacement rates using the matrix of the shape functions

et =101, - {u (D10-7)

and the stressrates
{o), ={B1} +1B2], - {e)f (D10-8)

Splitting the strain rates into individual parts:

elastic strain rate:

: _ : D10-9
feoh, =1 AL - ol ( )

non-elastic portion:

fo b, ={A1 ), +1A2 1~ {3}, (D10-10)

ne ne
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Strain rate caused by swelling, densification, fission gas bubbles, porosity:

irr

{e ) o={AL_)} +142 - {o}, (D10-11)
Computation of the equivalent stress rate:

{(.J“ b, =1 (Arw)k}’r%— {o}, (D10-12)

Procedure in the computer program

Dividing the entire structure into single elements and computation of force, dis-
placement, strain and stress rates are all performed in the STDIS subroutine.

D11. Fuel Cracking Relocation and Crack Healing

D11.1 General Remarks

The complete modeling of a fuel pin, and especially of a fuel stack needs the knowl-
edge and the detailed description of the thermomechanical behaviour. This means
not only the description of a ceramic, heat generating cylinder, the shape in which
the fuel pellet originally exists.

Still the detailed and sophisticated modeling of a cylindrical fuel pellet during re-
actor operation is not quite easy, the description of a pellet which undergoes crack-
ing, relocation and crack healing is far more complicated and subject to further

uncertainties, because of the following reasons:

- The cracking of a ceramic pellet in an axisymmetric, parabolic temperature
field is a randomly occuring effect, which cannot be modeled in a determinis-
tic way, as all the other phenomena in the field of fuel modeling.

- Pellet cracking during startup ramps causes a radial displacement of the frag-
ments, the pellet relocation. This relocation, reducing the radial gap between
pellet and cladding, has a direct influence on the gap conductance and so on

the temperature profile in the fuel.
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- By cracking the stiffness of the fuel is reduced. This effect has an influence on
the mechnical behaviour when the radial gap between fuel and cladding
closes - and it will close earlier because of the relocation. So the mechanical
interaction between pellet and cladding (PCI) will look different, based on
changed mechanical fuel properties.

- During operation crack healing will occur, dependent on the fields of local
temperature and hydrostatic pressure,

- During shutdown, further cracking will occur, partly resulting in crack sur-
faces perpendicular to the radial direction.

D11.2 Mechanisms of Fuel Cracking and Relocation

A fuel pellet cracks because of the high thermal stresses which cannot be accomo-
dated in the brittle ceramic material. Linear powers of only a few Watts/cm are
sufficient to cause stresses in the peripheric zones of the pellet, exceeding the
cracking stress and so leading to cracks.

Stress patterns of an uncracked pellet and of those with different crack configura-
tions have been published by Lafimann and Blank [D11-1], based on investiga-
tions by G. Mezzi [D11-2], see Fig. D11-1. The calculations were performed with a
two-dimensional (r- (& plane), Finite-Element code, giving an impression on the
local stresses in the fragments of a cracked pellet. One of the most important
things which can be seen from this figure is the fact, that the stress field in a
cracked pellet or in the pellet fragments cannot really be modeled by the common-
ly used axisymmetric fuel pin behaviour codes. Most of these codes assume that
still after cracking the pellet will behave like a continuum and that the distribu-
tion of the residual stresses is still axisymmetric. But the reality shows that after
cracking the continuum of the pellet is severely damaged or even has been split
into fragments, The fragments show a thermomechanical behaviour, which is
more or less independent of the characteristic of the fuel compound and which can-
not be described by the characteristical data of a fuel pellet. One aspect of this be-
haviour is the radial outward migration of pellet fragments and of the wedge-
shaped cracks, thus leading (o an increase of the crack volume in the fuel and to a
reduction of the fuel-cladding gap with the resulting consequences, Among these
the improvement of the heat transfer between fuel and cladding and the earlier
onset of the mechanical interaction between fuel and cladding are most important.
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The objective of all crack models is to quantify these crack- and relocation phe-
nomena and to describe the resulting consequences,

D11.3 Review on some Crack- and Relocation Models

An overview on some of the most known relocation models is given by Lafimann
and Blank [D11-1]. The authors mention 7 different models, among which are still
three different models in use within the FRAP-code family [D11-8, 10}. The sim-
plest models, which are reviewed, define a relocation either by a spontaneous jump
of the outer pellet radius towards the cladding, immediately after the first startup
power {D11-7, 9, 10] or they show a second relocation step at a certain burnup
threshold [D11-11, 12]. Some models define relocation functions which are depen-
dent on burnup, power or on the contact pressure [D11-9, 13, 14, 15, 16]. More so-
phisticated interdependencies are modeled by Walton and Matheson [D11-17] for
the FUMAC-code. But they need several empirically derived constants, which are
not published in the open literature.

D11.4 Derivation of the SATURN-FS Model

D11.4.1 Objectives and Assumptions

Efforts were made to develop a new model, which should be based as far as possible
on the stress pattern in the fuel. Cracking and relocation should be described us-
ing the theory of elasticity and the crack volume should be brought in by consider-
ation of the differences in stiffness between the cracked and the uncracked fuel re-
gions as well as by modeling a "crack portion” in the material. So, the overall ob-

jectives of the model are:
To describe
- Cracking of the pelletl and the resulting mechanical consequences.

- Radial relocation of the fuel, i.e. reduction of the gap between fuel and clad-

ding.

- Crack healing during irradiation and the resulting mechanical consequences.

The assumed boundary conditions are:
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For every element - uncracked or cracked - the following expression is calculated:

CRAF =1 + ICRACK - Verack (D11-1)
crack,0
ICRACK = numberof cracks
Verack = actual crack volume
Virack,o = crack volume just after cracking

It can be seen, that CRAF = 1 for the uncracked element and CRAF > 1 for the
cracked fuel. CRAF will be used for the mechanical consequences of the cracking.

Before cracking, there is a stress pattern in the fuel, showing tensile, circumferen-
tial and axial stresses in the outer part of the fuel, and compressive stresses in the

center.

D11.4.2 Mechanical Treatment of Cracking

D11.4.2.1 Introduction of a Crack Volume

If a threshold stress is reached within a certain ring element, this element shall
crack. The transition from the uncracked to the cracked state is treated as follows:

- the stresses are reduced to zero
- the elastic strains are reduced to zero (like a broken spring)
- the disappearing elastic strains are converted into a crack volume:

vu:r'uck - veie ' Euef (D1 1”2)

So, after cracking, there is a composite material, consisting of matrix material and

crack volume,
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D11.4.2.2 Changeing the Stiffness of the Cracked Element

The elastic partial flexibilities of the matrix, the crack volume and the composite
material may be formally given as follows:

For the matrix:

1 -V —v
J— 1 )
mairix , ;‘ ' v L -V ) (D11"3)
el L4
—v —V 1
£ = Young smodulus
v = Poisson “s ratio,

The elastic behaviour of the erack portion is characterized by the fact that the

Poisson “sratio is zero.

So, it can be formulated:

i 0 0
Acrackel sy 0 : 0 (D11~4)
0 0 1

Hereby 1/y represents an unknown “elastic modulus”.
The composite material shall be described as follows:

1 X x
CRAK ] '

comp - I ' * ] o (D1 1‘5)
X X 1

The unknown value x has to be determined,.

An additional condition is;

At:u”lj).: Anmrrud + Ai'ﬁ‘lh:.’\'", (Dl .l “6)

" =
This formal condition, together with equations (D11-3), (D11-4) and (1)11-5) gives

again {wo equations to determine the unknows x and y:

1 CRAF —v x- CRAF
- +ty= PN
E K E E

and
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—_ Y

1
- — = . (CRAF -1
YT CRAF y=u 0! :

This results in the elastic behaviour of the composite.

CRAF —v —v
1
CU.’Hp‘l[ = E ’ -V LRAI‘ -V . (D1 1_7)
—v - CRAF
and for the crack portion:
1 0 0
_ CRAF—1
crack , 4 _' 0 ! 0 (D11~8)
el *
i 01

The mechanical model, described here, allows the deseription of the fuel's stiffness
dependent on the amount of crack volume in the fuel. The stiffness is decreased
with an increase of void volume in the fuel. On the other hand, any radial expan-
sion of the pellet is accompanied by a further increase of void volume, which again

causes a further decrease of the stiffness in the cracked regions.

So, the radial expansion of the pellet is governed more and more by the thermal
expansion of the hot inner portion of the pellet, which is still under - even low -
compressive stress. This mechanism causes a larger radial expansion of the pellet
than the classical treatment. Additionally, void volume is packed into the fuel,
which later on is used to build the central hole and gives a contribution to the pore

and crack pattern.

N11.4.3 Cracking Modes

D11.4.3.1 General Overview

An overview over the model describing cracking and relocation ig given as a flow
sheet in Fig. D11.3. From this figure the different cases can be seen, which may oc-
cur. Furthermore, the treatment of these cases - or modes - becomes more obvious,
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The modes, mentioned here, take the following cases into consideration:

D11.4.3.2 Cracking from the uncracked State

If cracking occurs from the uncracked state, the model does the following:
ICRACK =1

=V . \;L

crack ~  ele L Vel

crack, ¢ - vcmr:k

CRAF = | + ICRACK
Also, stresses and elastic strains are set to zero.

D11.4.3.3 Cracking from a cracked State

The increase of the ecrack volume is ealeulated:

_ CRAF-

crack CRAF—920p ' Avu[emeuz (D1 1‘9)

crack ::vcruck,ul‘u' . Avcruck (D1 1_10)
vt:rm'k

CRAF =1 + ICRACK : (D11-11)

crack,

Whenever the threshold cracking strees is reached in an already cracked element,

the calculation proceeds as follows:

ICRACK =2 - ICRACK (D11—12)
and stresses and elastic strains are set, to zero,

DI11.4.3.4 Crack Healing

When the local temperature is higher than a threshold temperature, the fuel ring
is treated as healed. The residual crack volume is converted into porosity.
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Also, if there is a certain compressive stress in the element, this ring is described

as healed.

D11.4.3.5 Cracking of the whole Pellet

The model, as it is described so far, is not capable to describe a totally cracked
through pellet. To take into account this case, the following is done:

If more than half of the elements are cracked during ramp up, the total pellet will
crack through. When this occurs, an additional crack roughness is introduced,

modeling the mismatch of the fuel fragments and causing some more relocation,

Procedure in the computer program
The fuel crack and relocation model is described in the subroutine Riss. The flow
sheet in Fig. D11-3 gives an impression of the modeling of fuel cracking, healing

and relocation.
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Fig.D11-3: Flow diagram of the RISS-subroutine calculating fuel cracking and healing in the SATURN FS-code

_76-



- 95

K. Thermodynamics of the Fuel Rod

Ii1. Heat Transfer in the Gap Between the Fuel and the Cladding

In order to describe the heat transfer in the gap between the fuel and the cladding,
the GAPRS heat transfer model developed at IMF II1 [E1-1] is used. It is based on
the familiar model by Ross & Stoute [E1-2] and it has proved valuable in the
IMI IT1 computer codes SATURN-II, PSTAT [E1-3] and TRANSIENT [E1-4].
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2. Pressure and Composition of the Gas Mixture in the Fuel Rod

The gas pressure directly influences the mechanical loading of the cladding. A
change in gas composition effects the thermal conductivity of the gas mixture,
which has consequences for the temperature distribution in the fuel rod. The ef-
fecls of production and release of fission gases such as Krypton and Xenon must

therefore be taken into account as part of the model.

The division of the {ission gas produced into Krypton and Xenon can be modelled
as follows: According to P. Hofmann [E2-1], the Xe/Kr ratios shown in Table E2-1
can be given for the produced fission gas as a function of the type of the fissile ma-

terial isotope and the neutron energy:
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Table E2-1: Xe/Kr ratios of the figsile material isotopes for different neutron
energies
Isot Xe/Kr ratios for Fission Spect 14 MeV
r

sotope 0.025 MV { MeV ission Spectrum e

U-235 6.56 6.4 6.11 434

U-238 0 7.2 7.28 5.25

Pu-239 16.93 12.68 14.26 12.09
Pu-241 24.32

The data of Table E2-1 which describe thermal fission of U-235 and fast fission of
Pu-239, have been confirmed in experiments to agree well with, for example, the
data indicated by H. Zimmermann [E2-2],

In order to be able to determine the Xe/Krratio in a real fuel containing fissile ma-
terial and a mixture of isotopes, the probability of fission of a given isotope must
also be taken into account. This is done by weighting with the help of the respec-

tive fission cross-sections.

Table E2-2 shows the fission cross-sections of various isotopes, again as a function
the neutron energies, as taken from {E2-3].

Table E2-2: Microscopic fission cross-sections of the fissile material isotopes
for various neutron energies
Fission Cross-sections (barn) for
Isotope : . Fission
0.025 MeV | Epithermal 1 MeV Spectrum 14 MeV
U-235 582 2.7 1.44 1.29 1.29
U-238 0 0 0.524 0.524 ~0.006
Pu-239 741 3.0 1.76 1.76 ~4.,0
Pu-241 950

Procedure in the computer program

The gas pressure in the fuel rod is computed in the FORCES and COMPL subrou-
tines. There are two possibilities of modeling the gas pressure in each option: first,
for test purposes, the gas pressure can be externally adjusted by the user as a funec-
tion of time; second, the pressure and the composition of the gas mixture in the
fuel rod can be computed by the program. Taking into account changes in pres-
sure, temperature and volume in the fuel rod as well as the release of figsion gases.
The rate of gas release is computed in the GASREL subroutine whereas the
Xe/Kr ratio of the released portion is computed in FISGAS. The composition of the
gas mixture in the fuel rod is computed in the PORCOM subroutine, This gas com-
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position can now be used by the GAPRS subroutine to calculate the heat transfer
in the gap for the next time step.
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E3. Restructuring of the Fuel

Modelling the restructuring of the fuel is done in connection with the analysis of
the fuel void volume and of the models established to describe fuel cracking and

healing ot the cracks, s. Sec. D.11.

E4, Segregation and Redistribution Processes in U, Pu Mixed Oxide

E4.1 Plutonium Redistribution

With the temperature gradients prevailing in mixed oxide fuel pellets, segrega-
tion takes place of the two components plutonium and uranium, This is associated
with a change in the heat source density distribution in the fuel which, in turn,
has an isfluence on the temperature profile which the fuel rod.

These redistributions can be deseribed by means of two transport mechanisms:

. evaporation and condensation processes associated with the local and tem-

poral change in the fuel void volume;

e thermal diffusion.
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These phenomena have been described in detail, e.g. in (E4-1, E4-2, E4-3, E4-4,
E4-5,E4-6,E4-7) as well as in a summarizing review in (E4-8).

E.4.1.1 Evaporation and Condensation Mechanism

The material transport taking place via the evaporation and condensation mecha-
nism is associated with the segregation of these components due to the different
respective vapor pressures of uranium and plutonium bearing components. The
degree of segregation depends on the O/M ratio of the fuel. In fuel of low hypo-
stoichiometry, the uranium bearing component evaporates preferably whereas in
highly hypo-stoichiometric fuel the plutonium bearing component evaporates
preferably. Preferred evaporation of uranium is equivalent to plutoniun enrich-
ment near the central channel, and vice versa,

According to a model proposed by Lackey, Homan and Olsen [E4-3], the
Pu/(U + Pu) ratio in a fuel ring at the end of a time step can be described by the fol-
lowing relationship; cf. also (E4-8):

m- c +Amt - a—_Am™ . b

piiy (E4-1)

t m+ Am”T ~Am

with
Pty Pu/U + Pu ratio in the fuel matrix of the ring element being con-
cpe, sidered, at the beginning and end, resp., of the relevant time
step
m mass of heavy metal in the ring at the beginning of the time step
Am* mass of heavy metal added to the ring considered during the

time step as a result of pore migration

Am” mass of heavy metal leaving the ring considered during the time
step as a result of pore migration

u Pu/U + Pu ratio of the matrix added to the ring considered via
the vapor phase

b Pu/U + Pu ratio of the fuel leaving the ring considered
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The variables a and b are temperature dependent and can be calculated e.g. ac-
cording to (E4-3). It is assumed that the migrating pore is in equilibrium with the

surrounding fuel material.

As the respective masses of the rings are kept constant in the SATURN-FS1 com-
puter code, the mass balance for the Pu portion between neighboring rings at the

end of a time step is:

Cw=e @+ 22 i @)
Lpul ‘ _t'pun { p(t) it - Cpuo ¢ (E4"2)
where
Ap change of density in the ring considered
p density of the ring being considered at the beginning of the time
step '
afi-1} Pu/U +Pu ratio in the vapor phase of the next innermost ring

E4.1.2 Thermal Diffusion

Plutonium re-distribution by means of thermal diffusion is a slow process com-
pared to segregation of the plutonium and uranium bearing components of the fuel
by pore migration. This process only exerts a growing influence on plutonium re-

distribution at higher burnup.

As in the process of segregalion, due to evaporation and condensation by pore mi-
gration, the cause of segregation due to thermal diffusion is the temperature gra-
dientin the fuel pellet.

The mass flow of the plutonium bearing component, due to thermal diffusion in
the radial temperature gradient, can be described by the following relationship
(e.g. (I£4-6) and (E4-7), resp.).

dep, Wypu T

.fj,“ = N D”r’)“(———dr + Gy Oy —[;[,_2 . ;) (E4-3)
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with

I, {atoms/cm?2/h) Pu mass flow

N {atoms/cm3) total number of heavy metal atoms per
volumetric element in the fuel

Dy py (cm2/s) effective diffusion coefficient

ey, Ciy (-) U-and Pu-concentrations, resp., in the fuel
(withey + ¢py = 1)

Qu.py {J/mole) effective heat of transport

R (J/mole K) universal gas constant

T (K) fuel temperature

r (cm) fuel radius

An analogous equation applies to the mass flow of the uranium component,

From the relationship describing the mass flow, the respective concentration of a
component in a volumetric element can be determined as a function of time using
the equation of continuity, The equation of continuity reads as follows:

dN
Pu 1 d
- — {r- j =0Q E4-4
dt + rodr (r J"“) ( )
where
Npyrt) (atoms/em3) number of the plutonium atoms per unit of

volume at location r and time t.

From the equation it follows by integration over the time (with ¢ > 4):

f d_‘f)‘ "i’u
1)—} (-2 ]—.}dt. (E4-5)

N, iy =N, (r
Iur() fU dr )

Pu
In hypo-stoichiometric fuel, thermal diffusion as a single effect would always lead
to a slow increase in plutonium concentration extending over a large space near
the central channel. However, as the transport always proceeds in parallel with
evaporation/condensation, excessive concentrations at the central channel are re-
duced by diffusion and the plutonium portion is distributed over a wide zone

around the central channel.
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Procedure in the computer program

U/Pu segregation due to evaporation and condensation is caleculated in the PUMIX
subroutine, called by the COMPL subroutine at the beginning of each time step.
Segregation by evaporation and condensation is assumed to be an instantaneous
effect, independant of time, and which is kept constant during the time step.

Also at the beginning of the time step, the COMPL subroutine calls the PUDIFF
subroutine which deseribes U/Pu segregation by solid diffusion. Unlike PUMIX,
PUDIFF computes a rate of change in plutonium concentration for each fuel ring.

After completion of the time step, COMPL determines the new plutonium concen-
tration in the individual fuel rings by computing the change in concentration due
to plutonium diffusion. This is done by integration of the rate of change over the
time interval. Together with the plutonium profiles already computed at the be-
ginning of the time step, this eventually gives the new radial plutonium distribu-

tion.

Oxygen redistribution is computed by the MIGOX subroutine. This subroutine,
similar to PUMIX, is called by COMPL at the beginning of each new time step. As
the O/M redistribution is likewise considered to be an effect independent of time,
the radial O/M profile is kept constant during the time step.
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E5. Depression of the Neutron Flux in the Fuel and Radial Power Distribution

The irradiation with thermal or epithermal neutrons causes a radial depression in

the neutron flux within the fuel.

The computation of this radial depression should not be subject of a fuel pin perfor-
mance code but is better performed by special computer codes such as MERKUR
(E5-1).

It will be assumed from now on that the flux depression has alrady been calculat-
ed, or as least that the relative neutron flux in the center of the fuel is known.

If the radial neutron flux distribution is known, the values related to the undistur-
bed flux can be calculated for the element radii and entered as radial power shape

factors p, (1) via the input.

However, in order to avoid lengthy computation of the values of p, for all fuel
radil, an option ig available in SATURN-FS1 {o have the relative radial flux de-
velopment calculated by the code itself.

The radial profile of the neutron flux can be expressed by the following formula:

P{r) =a + bri e r? (E5-1)

With the known fluxes at the inner and outer edges of the fuel, @; and @®a, the co-
efficients a, b and c of equation (E5-1) can be determined by reference to geometric

boundary conditions:

h = = 2.(.‘ rz (E5'2)
oo (E5-3)
{r2 — r.2)2
43 !
(E5-4)

2
a=% —b- r° —c r
[#] a

Now the corresponding fluxes can be computed for all fuel radii. This calculation is
performed both for the thermal and, if desired, the epithermal flux portions.

The distribution of neutron flux calculated here corresponds to the radial power
profile at the beginning of the computation.
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Whereas the radial flux distribution is not supposed to undergo variations during
the computation, the following mechanisms taking place in the fuel give rise to a
change in the radial power distribution in the fuel;

o redistribution of the manufacturing porosity,
° redistribution of oxygen,
° U/Pu segregation by solid diffusion and evaporation/condensation effects.

This change in the radial power distribution in the fuel is taken into consideration
by the program. Prior to starting each step of computation, the concentration of
fissile isotopes present in each fuel ring is calculated. From this the respective ra-
dial power shape factors p, (i) are computed.

Procedure in the computer program:;:

The determination of the radial flux profile prior to the actual computation is done
in the FLUXPRO subroutine. The changes in radial power distribution are deter-
mined in the QPROF and PRBDIF subroutines.

References:

f£5-1] L. Steinbock: A
Das Brennstabauslegungs- und Uberwachunssystem MERKUR, KfK
2163, 1975
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F. Time Step Conirol

F1. Limitation of the Computation Interval

It is possible for the user to specifiy the expenditure of computation and hence the
accuracy of the results obtained. This is done by specification of maximum toler-

able increments or changes within one computational time step for:

° temperature in the cladding,
e temperature in the fuel,

# equivalent stress,

. equivalent strain,

The determination of the computation time step by limitation of the temperature
increments is performed in the DTTEMP subroutine, that of the stress-strain in-
crements in the DTIME subroutine. Another restriction follows from the pore mi-
gration model. During a computation time step, pores are not allowed to migrate

further than from one ring element into the next.

The determination of the maximum tolerable computation time step due to this
limitation is effected in the DTPOR subroutine.

The actual computation time step equates to the minimum of the three computed
time steps. Furthermore, the internal time steps are controlled such that the end
of a computation interval always matches any “external” time step specified by
the user. The OUT subroutine is then called and the results are printed at that

predefined point in time.

F2. Completion of the Time Step

After computation of the rates, the actual basic variables are determined. These
include stresses, strains and element dimensions as well as temperatures and the
new deformation rates, based on the new stresses and strains. Other variables
which are to be caleulated at the end of the time step include nuclear variables
such as burnup and change in the radial power profile or variables concerning the

entire fuel rod, such as the composition and the pressure of the fission gas.

Procedure in the computer program:

All the variables listed in this section are either computed in the COMPL subrou-
tine or COMPL calls the corresponding subroutine.
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Part 2

Instructions for Useof SATURN-FS
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G. Material Laws, Models Used

(1. General Remarks

One of the main objectives in development of SATURN-FS1 was to establish a
computer code with the widest possible field of application, This implies easy ex-
changeability of models or the possibility of conveniently incorporating the user s
own models into existing program parts. Such program parts (which must be sup-
plemented by the user) are available to describe e.g., creep and gas release. In
these cases, the user can enter his own model concepts in an edited version into ex-
isting tables and use them as options to the supplied models. The program then
malkes a linear interpolation between the tabular values supplied, either one- or
two-dimensionally [G1-1]. This increases above all the flexibility of model con-
cepts whose structures are slightly more complicated.

Simple material laws are always contained in the MATB and MATH material
subroutines for the fuel and the cladding, respectively. Exceptions are the thermal
conductivities of the fuel, cladding and gap, which are described in the WLAMB,
WLAMH and WLGAP subroutines, resp., as well as swelling, computed in
SWELLH and SWELLB, secondary fuel creep, computed in FCREEP and cladding
creep, compufed in CCREEP.

The IMATB and IMATH control variables set in the input are capable of taking
into account different materials for the fuel and the cladding. At present, material
data for UOy and U, PPu- mixed oxide can be called for the fuel and the stainless
steel type 1.4970 and Zr-4 for the cladding. Data on other materials can also be in-

corporated.

(2. Fuel models

G2.1 U,Pu-mixed oxide

- Young's modulus
¢.f. MATPRO 11 TREE-NUREG/CR-0497, 1979

K = 2,356 - ]{)5- (1-1,3565 - 1[)_4- {(r'-20) - (1-2,6 - POR)- (1,56 O/M—2)
with
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POR = relative porosity

O/M = oxygen-to-metal ratio
T = temperature in °C
E = Young's modulus in N/mm?

Poisson's ratio
¢.f.IA-ITB 54.04279, 1982 and Miiller-Lyda, Freund:
unpublished report, 1980

v = 0,32,

Linear thermal expansion coefficient
c.f. IA-ITB 54.04279, 1982

a, = 6,8 107%58- 107 1. 6-2 OM)
with
T = temperature in °C
O/M = oxygen-to-metal ratio
a = linear thermal expansion coefficient in K-1

Thermal conductivity

H.-J. Ritzhaupt-Kleissl, H. Elbel, M. Heck: J, Nucl. Mat, 153 (1988)

Freund, Ernst: Unpublished report 1983, porosity correction factor acc. to
MATPRO-11, TREE NUREG/CR-0497, 1979

] .
ho = 7585 - 107" 1213542 . 1071%. g4
0 5,443 10,02309 - T+340 - (2-~0/M)

stoichiometry correction factor for temperatures > 2273 K.

1

= {,2383 +
fU’M 1,313 +7,706 - 2—-0/M)
porosity correction factor:
[, = 13048 - (0—POR)/(L+} - POR))
whereby:
O/M = 1,96; =05

1,96 <OM < 2: P =0,5+86,5 - (0O/M-1,96)/0,04
OM = 2: p=170
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the thermal conductivity now reads:
- for293 K =«T=2273 K: A= Ao - fpor

- forT > 2273 K: A= Ao fpor - form
with
O/M = oxygen-to-metal ratio; for T > 2273 K: O/M = 2.
POR = relative porosity
T = temperature in K
A = thermal conduclivity in W/(¢cm- K}

Fuel swelling

1st possibility:
c.f. B, Steinmetz, K. Fennelker, IA-ITB 54.04279, 1981

8V
T < 1300: — =171 BU
v
0
sY
1300 <17 < 1650 V_ ={1,7 —{—-1300)/350) - BU
(i)
5V
1660 < T — =07 BU
v
Q
with
6V/V, = volume increase by swelling in %
BU = burnupin at%
T = temperature in °C,

In SATURN-FS, the above formulation is transferred from volume increase
(6V/V) to consideration of swelling rates (V).

2nd possibility:
c.f. MATPRO-11, TREE NUREG/CR-0497, 1979:
Vi = 9,0-10 20

with
iy = fission rate in fiss/{cm3 - s)

Vi swelling rate in h-!
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Non elastic deformation

1st possibility: see chapter D 5.1

2nd possibility:

The total nonelastic deformation can be chosen as tabulated values {(Subrou-
tine KRBMAT). Explanation of the tabulated values c.f. Ritzhaupt-Kleissl,
Ernst: KfK 3145, 1981 (application not recommended, for special purpose on-

ly).

Pore migration
c.f. H. Hofmann, KfK 1863 and H. Elbel: internal note, 1979.

There are two mechanism of pore migration-taken into account: surface dif-
fusion and evaporation/condensation.

The migration velocity due to surface diffusion is:

o 60500
‘1 1 T Ty dT
g, o= - — g - —_—
a r e dr
with
C = 1,127 - 107 mm3 - K/h
r = radius of the pore in mm
T = temperaturein K
dT/dr = radial temperature gradient in K/mm
\Zi} = pore migration velocity in mm/h

pore migration due to evaporation and condensation:

H

% S dr
Uy = i, . e Cp, e e
with
Co = 1,211 - 106 mm2 - KV/2/h
Pg = gas pressure in the pore in MPa
Pa = surface tension of the pore in MPa
T = temperaturein K

dT/dr = radial temperature gradient in K/mm
Vyk = pore migration velocity in mm/h

pp - e 1/RT (MPa) is acc. to H. Elbel: unpublished note, 1979

read to:
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AL
RT [y Y _2 T _2
f’n(p(] Y 3=(—212,275+65,842 - O/M+8,9463 - 10 T -2,66399 - 10

O/M - T+2,9560 - (O/M? —56541 - 107° 79
with
O/M = oxygen-to-metal ratio
the total pore migration velocity yields:

up(mm/h) =u, + Uk

- Figsion gas release

1 st posibility:

Fission gas release model acc. to TA-ITB 54.04279, 1982

2 nd possibility:

As for the discription of non-elastic deformation, tabulated values here also
can be chosen (not recommended, for speciél purpose only).

- Fuel cracking and relocation
c.f. 7th International Seminar on the Mathematical Mechanical Modeling of
Reactor Fuel Elements, La Jolla, USA, Aug. 21-22, 1989
H.-J. Ritzhaupt-Kleissl, M. Heck in K. Lassmann (Ed.): EUR 13660, 1991

G2.2 Uranium-oxide

Young's modulus
c.f. MATPRO 11 TREE-NUREG/CR-0497, 1979,

BEo= 22594 10° - 0 —1,13- 107 (P=20) - (1 — 2,752 - POR)
with

T = temperature in °C

POR = relative porosity

I = Young's modulusin N/mm?2

- Poissen's ratio
c.f. EPRINP 369, 1977:
T = 1700°C: v =032-1,791-10-5 -(T-25)
if T > 1700°C: v =029
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with

T = temperature in °C

Linear thermal expansion coefficient
c.f. MATPRO-11, TREE NUREG/CR-0497, 1979;

a, = 7,107 - 107%5162 - 107% . 743420 107%. 7
with
T

a = linear expansion coefficient in K-1

temperature in °C

i

Thermal conductivity

c.f. Miiller-Lyda, D. Freund: unpublished report 1980,

D. Freund, W. Ernst: unpublished report 1983,

porosity correction factor acc. to MATPRO-11, TREE NUREC/CR-0497, 1979

1 , ‘
Ay = ~7585 - 1070, piygsgn . 19718, pt
0 5,443+0,02309 - T

porosity correction factor:

-G POR g
o= — B 2422 - 0,68 - 1070 - T
pro 1-0,06- B

and so the thermal conductivity reads:

A = Ag-fpor
with
T = temperatureinK
POR = relative porosity
A = thermal conductivity in W/{cm - K)

Fuel swelling

c.f. MATPRO-11, TREE NUREG/CR-0497, 1979
Vg = 9,0 - 1020 . ¢

with

& = fission rate in fiss/(cm3 - s)

Vi = matrix swelling rate in h-1
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- MNon-elastic deformation

sl possibility: see chapter D 5.1
2nd possibility:  see U,Pu-mixed oxide

Pore migration

see [T Pu-mixed oxide

Fission gas release

see U,Pu-mixed oxide

- Fuel eracking and relocation

see U, Pu-mixed oxide

63, Models deseribing the eladding tube material

431 Brainless sleel no. 1.4970

Young's modulus

e IA-NTE 73,30, 1973:

K= 2059 - 10° - 808 - T
wilh
T = temperature in °C

I = Yonng's modulus in N/inm2

Poisson's ralio

e.f. Nikolopoulus, Schulz, Journ. Nuel. Mat. 82, 1979;
v — (1,33

Linear thermal expansion coefficient

c.f. Nikolopoulus, Schulz, Journ. Nucl.Mat. 82, 1979:

a,=1,133 - 107 %4 1547 107%. 1
with
T = Temperature in °C

a = thermal expansion coefficient in K |
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- Thermal conductivity
c.f. TA-ITB 73.30, 1973

A=0,1391+0,1186 - 1073 7
with
T = temperaturein°C
A = thermal conductivity in W/ (em-K)

Swelling formula for 1.4970 cw and ew, sr

according to IA-TN-543.550.3, 1980 and [A-MDB-CZ2, Rev 3, 1984

Y 0 for DPA < D

0,16 - (DPA—D ) for DPA = D
0 0 0

with

Dy = 70-0,5 - (Max(T, 480) - Max (T, 400))
and |

DPA = material damage in dpa

T = cladding temperature in °C

8V/Vy = volumetric swelling in %.

In SATURN-FS, the above formulation is transferred from volume increase (8V/V)

to consideration of swelling rates (V).

- Non-elastic deformation

1st possibility:

c.f. H.-J. Ritzhaupt-Kleissl, W. Ernst: KfK-Bericht No. 3145, 1981
H.-J. Ritzhaupt-Kleiss!, M. Heck: J.Nucl.Eng. & Design 101 (1987)

M. Mayuzumi, T. Onchi: J.Nucl.Mat.171, 1990, 5. 381-388

2nd possibility:

Creep table acc. fuel creep (not recommended, for special purpose only)

(3.2 Zry-4
- Young's modulus
E=95769- 10%-64,07086 - T

with
T = temperature in °C
E = E-modulus in N/mm?<

- Poisson's ratio
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v = (0,29648 - 1,217 - 104-T
with
T = temperature in °C

Linear thermal expansion coefficieni

a, =5699 - 10 %4153 107°. 7
with
T = temperature in °C
a = linear thermal expansion coeflficient in K-1

c.f. MATPRO-11, TREE NUREG/CR 0497, 1979

N=750- 00 Pe209- 107t roras - 1077 12hrer e 10
with

T = temperaturein K

A = thermal conductivity in W/ (cm-K)
swelling

c.l, BEPRI-NY 369, 1977

Vit = 2,52 (dy/1021)y03 . (d/1021)

with
@t = fast neutron fluence in n/em?2; (B> 0.1 MeV)
d = fastneutron flux in n/{ecm? - sec); (T8> 0.1 MeV)
Vi1 = Zircaloy axial elongation rate due to growth in h-1

Non-elastic deformation

see chapter D 5.1

?’3
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H. Explanations on the Structure of the Computer Code

H1. Struecture of SATURN-FS 1

The FORTRAN-77 code includes about 70 subroutines and functions at its present
state of development. The Main-program (as well as the soubroutine TNULL for

time = T) are just control programs, 11 subroutines serve for input/ontput, data-
definition and CPU-time control (the latter of which is not represented in the flow

diagram).

The subroutines describing the fuel pin behaviour shall be differentiated with re-
gard to their task using the following criteria:

(a)

(b)

Computing phenomena which are recorded either exclusively for one ma-
terial (e.g. porosity of the fuel) or for which completely different models
are used for the fuel and the cladding (cf. MATB-MATH subroutine,
FCREEP-CCREEP, etc.).

These subroutines never include the IMAT parameter in their list of argu-
ments so that they can be immediately distinguished from the subroutines
described under (b).

Evaluation of the material behavior under the "mechanics” descriptor
which is determined here by use of the Finite Element Method (same con-
cept for cladding and fuel).

These subroutines all have an IMAT in their list of arguments (not to be
changed by mistake with IMATH and IMATB). This IMAT is set in the
calling routine, where 1 means fuel and 2 means cladding; extensions for
arbitrary other materials are possible without any problem,

Some explanations on their structure should be added at this point:
Firstly, the global variables entered for the actual material are trans-
ferred into the available local memaory. The actual computation is made in
this memory space, and the variables are once again returned into the glo-
bal memory. Here the results are stored.

The following two figures briefly illustrate the computing sequence.
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Fig. H1.1: Flow Diagram for SATURN-FS
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INPUT and conversion of the input data for further use in the program

I

calculation of a steady state elastic solution as starting condition
t=TIMEDT=TIME(1)

start of external time step loop

> TIMEDT = TIME(I+1)

I

start of internal time step loop

calculation of the time derivatives of temperture,pressure
and power changes

time step control acc.to max.tolerable changes in stress,nonelastic strain,
temperature and pore migration velocity ((=t+DT)

!

fuel cracking and relocation

solution of the thermal problem
temperature profile of fuel and cladding,heat transfer in the gap

solution of the mechanical problem for fuel and cladding

elastic and plastic/creep behaviour,swelling and densification,pore
migration and fission gas release
finite element analysis
stiffness of and forces on the whole fucl pin,stresses and displacements

of cach element

completion of the lime step

calculation of stresses,strains,dimensions,forces,burnup,gas pressure,
temperature,0/Me- and Pu-profile,porosity distribution,power profile,
theoretical density,diffusion velocity and of a new temperature profile

l

S end of external time interval reached >

|

OUTPUT

&

last time step >

end of SATURN-FS

IFig. H1.2: Flow Chart of SATURN-FS
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H2. Tasks of the Subroutines used

ANE

ASSEM

ATH

CCREEP

CMAT

with ENTRY
CMAT1

COMPL

CONTAC

CONTR

DIFTAB

DTIME

DTPOR

caleulates for each element the matrix A, of the non-elastic flexi-
bilities

describes the assembly of the elements and the global stiffness of

cladding or fuel

calculation of the flexibility of thermal strain Ay, for each element

of fuel and cladding
calculates cladding creep

determination of the matrices Ckpyy, CE, CB and CH
calculates the CEE matrices for large deformation

theory for each fuel and cladding element

1s called at the end of the time step, calculates the instantaneous
variables such as stresses, strains, temperatures, creep rates after
completion of each time step. Calls the subroutines for calculation of
pellet cracking, oxygen/metal and U/Pu re-distribution, for the new
determination of the radial power distribution and the new calcula-
tion of the temperature profile

caleulates the radial and axial contact forces (friction forces) be-

tween the fuel and the cladding
verifies the sequence of the input data blocks

determination of the functional values related to given experimen-
tal data and calculation of the partial differentials of the previously
defined function with respect to burnup (fuel) and neutron dose
(cltadding), resp. (cf. TAB)

controls the tolerable time step due to previously defined maximum
tolerahle stress and strain increments - DEMAX, DSMAX, DESHM

controls the tolerable time step by the assumption made in the pore
migration model (s, PORMIG) that within the time step the void
volume is allowed to migrate only rom one element into the next




DTTEMP

ELAS

EXPO

FCREEP
FISGAS
FLUXPR

FORCES

FQV
FSY

GAPRS

GASREL

GEOFAK

GSBMAT
INIT
INITO
INIT1
INOUT

INPUT
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controls the tolerable time step due to previously defined maximum
tolerable temperature increments in the fuel and in the cladding -
DTMAXB and DTMAXH - within one time step

builds up the flexibility matrix A of elastic deformation for each ele-

ment

function, calculates the gas extrapolation lengths for pellet/cladding
heat transfer

describes fuel creep
calculation of fission gas production
radial neutron flux distribution

describes the total loads on the fuel and cladding, due to external
forces (coolant pressure, gas pressure in the gap, contact pressure) and
the free displacements of fuel and cladding and of the fuel/cladding as-
sembly, resp. in case of adhesive friction. FORCES calls CONTAC

calculation of the local heat transfer for mixed oxide
description of the yield stress

describes the heat transfer in the gap between the fuel and the clad-
ding

calculates the local fission gas balance for each fuel element as the

balance between the generated and released gas moles

calculates geometric factors for determination of the radial tempera-
ture and power distributions in the fuel. It is called by RADIAL

occupancy of the gas release table

initialization routines

printout of the input

controls data input



KRBMAT
KRHMAT

LOADCO

MATB

MATH

MEYER

MIGOX

NLI

ouT

PLAST

PORCOM

PORMEC

PORMIG

PRBDIF

PUDIFF
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occupancy of the creep table for fuel and cladding

the residual load correction in the elements

material laws for fuel: Young's modulus,Poisson ‘s ratio and thermal

expansion coefficient

material laws for cladding: Young's modulus, Poisson’s ratio and

thermal expansion coefficient
function for determination of the Meyer hardness of the cladding
modeling of the oxygen re-distribution in the fuel

function; describes the number of the pores per pore category as a

function of temperature and burnup
output of the calculated values

calenlation of the element flexibilities for non-elastic deformation:
Alpeand A2,

integration of pore migration and fuel swelling over the time and de-
termination of the gas released at the end of the time step; calculation
of the inner pressure of the fission gas bubbles and the radius of each

pore category

describes gas bubble swelling and pore shinkage as a function of the
external pressure and hydrostatic pressure in the pores. Calculation of
the partial element flexibilities A1}, and A2j., atiributable to swell-

ing and pore effects
procedure for calculation of pore migration in the fuel.

describes the influence of pore migration and plutonium diffusion on

the radial power profile

U-Pu segregation of mixed oxide by diffusion




PUMIX

QPROT

RADIAL
with
ENTRY
RADDT

RATE

RISS

SHAPE

STDLS

STIME

SWELLB

SWELLH

TAB

TEMPER

THEIDI

TNULIL
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calculation of U-Pu segregation of mixed oxide by evaporation and

condensation

describes the change of the radial power profile, caused by U-Pu segre-

galion

calculation of the radial power distribution in the fuel

calculation of the rates of power, coolant temperature, and pressure

model for description of fuel pellet cracking, fuel relocation and erack

healing
selup of the malrix of the shape functions for the elements

calculaies the total displacements of Lthe fuel and cladding due to ex-
ternal forces, the displacements and strains of the individual elements

and from them the stresses occurring in the elements
caleulates the stiffness matrices for the individual elements

describes the matrix swelling rate of the fuel as a function of the bur-
nup, of the hydrostatic pressure in the element, the temperature and

of the fission rate

describes cladding swelling as a function of the neutron dose, of the

neutron flux and of the lemperalure

determination of the parameters for calculation of the non-elastic,
time-dependent material behavior from a user-defined tahle by two-

dimensional linear interpolation (cf. DIFTAB)

temperature calculation for fuel and cladding, both on the element

houndaries and in the element center
determination of the theoretical density of fuel material

calculation of a steady-state elastic solution for the first time step
(L=
MAIN program

). This subroutine controls a special computation path of the
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UMRECH calculates the relationships existing between power, fission rates,

neutron flux and burnup
WANDER calculates the pore migration rate

WGASI function for determination of the thermal conductivity of the individ-

ual gas constituents
WLAMB  funclion; calculates the thermal conductivity of the fuel
WLAMII  function; calculates the thermal conductivity of the cladding

WLGAT  function; calculates the thermal conductivity of the gas mixture in the
gap.

Besides using this "internal” subrouting, SATURN-FS uses some service subrou-

tines with respect to date, time and CPU-time:
DATIM date and time information
CPUTIME already used CPU-time since beginning of computation

TIMEL still remaining CPU-time for this jobstep, independent on the time re-
quired for the job and the already used time in previously steps.

Caution:

DATIM and CPUTIME conform to Industrial Real Time Fortran (IRTFEF)
standards, TIMEL does not.

3. COMMON Blocks

To make the program easier Lo handle, transmission of REALSs as arguments was
largely avoided (apart from some indispensable exceptions). Nevertheless to pro-
vide an exact marking of the interfaces to other subroutines with COMMON-
Blocks, the input and output variables are always listed in the subroutines” head-
ing descriptor, where the names of the program units in which the incoming val-
ues have been computed, can be found. All routines called in the subroutine are in-

dicated here too.

A listing of all in COMMON-Blocks gathered variables and their meaning is given

as Annex 1.
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1. Instructions for Program Operation

General Remarks: The reference version of the SATURN-FS-code is at present op-
erable on an IBM 3090, operating system MVS/SP 4.1, and tested with the IBM VS
FORTRAN-Compiler (Rel. 5). At the present stage of development the average
CPU-time is 0.02 - 0.07 sec (independent on the number of fuel-and cladding ele-
ments) required by the program per internal time increment and axial slice.

11, Program Input

The quantity of all input variables has been divided into blocks (c.f. column "DB
No” in the input table) each consisting of logically connected data.

The sequence of data input is handeled according to the following scheme

(1) control paramelers,

(2) limits, material behavior,
(3) fuel data,

(4) cladding data,

(5} operating conditions.

For a standard routine all data needed are specified in a BLOCK DATA subrou-
tine (e, column "BD” in the following table). This means that only those blocks
containing any variables different from those in the BLOCK DATA must be read
in. So the number of data written into the input file by the user is only a part of the
total amount of all input variables actually used by the program. The data blocks
need not be read in according to a special order, only within a data block a pre-
determined sequence is requested.

For a detailed instruction see the following table.

IFformat Specification:

The input of SATURN-FS 1 is designed list directed (+ - format) with the exception
of the first card (TEXT (CH * 72) is read in by A-format).
Caution: the input file must not be a numbered dataset (columns 72-80).

Unit-identifier:

Instead of an external unit reference number the * - identifier is used to select the
default value which was estabished at the time of FORTRAN-system generation.
But it's also possible to exchange it for an explicit unit reference number (repre-
sented by the parameter IW in the subroutine INPUT).
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* for special purpose only

Standard
ne . FORTRAN- . a .l
ne, | 1me No. 1" me (\r;z;ia:jnéj Unit iixplanation
[ Texl, - optional text consisting of max, 72 characters (will be printed
as headline of the input data)

Caution: Theline, mentioned above, is ulso necessary for the
standard case. If no further data block shall be read
in, NEDATB must be set to zero (NRDATE =0).
T'his is also valid for the standard case.

! 1 NRDATH number of the actual DB ('L for this case)
2 MO 0 {=1:  matrix CEE is used for calewlation of the fuel
clemenls' stiffness

{=0:  CIEK is neglected

MORIP 2 {= 11 *uclereep and plasticily are treated according Lo Lhe
ereep Luble (KRBMAT) now only valid fer IMATR =
2(L10)y)

{= 2: fuel creep and plasticity according o FCREEP; now

valid for IMATBE = 1 ((U,Pu)Q9) and IMATB = 2
(L)
[SWELR 2 (LPa02): {= 20 fuel swelling ace. o TA-ITB 54.04279,
1981
{= 3 fuclswelling ace. to MATPRO-11, 1979
L0y = 3 luelswelling ace. Lo MATPRO 11, 1979
1GASE 2 - =1 Hission gas releasce ace. Lo Lable (GSBMAT); anly for
IMATE = 2(U0)
{=2:  Interalom [ission gas release model
3 MOCR B 1 {=1 matrix CEE is used for the caleulation of the cladding
clemends stiffhess

120 CEIis neglected

MDIRI i {=1 internal pin pressure is an inpul value at every
external time step (DRICLTANZZPY)

{=0:  intevnul pin pressure is caleulated by the code, only

input of a start value is necessary (DR (1)
MCREP 2 {1 *cladding creep and plaslicity are treated ace. to the
ereep table (KRITMA'T)

{—=2:  cladding ereep according to buill in models

{CCREEP)
IMATH — 1 {ZRY 4} Swelling ace. to EPRI.

-2 N369, 1977

ISWELI 2 IMATIH - 2(551.4970) Swelling ace. Lo [A-

MDB C2, Rev3, 1984
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{=0: [GAPisa constant value, given by input (HGFIX)
4 IPTTRA 1 - {=1: gasbonding in the fuel-cladding gap
{=2;  sodium bonding
(== 1+2 HGAP is caleulated internally)
1P TGAP 0 - {=0: fuel column is eoncentric within cladding tube
{=1: fuel eslumn is not concentric within eladding tube
1 NRDATH - - no. ol aetual DB there '2")
2 NRB 21 - no. ol fuel radii (2=NRB =1RI13)
IMATH I - {=1: mixedoxide fuel
(=2 Ubyfuel
3 ZLB(D 12 cm length of the axial fuel column node, resp. of the fuel
elements
RAUBR | 3.0K-04 cin fuel surlace roughness
OMVO 1.93 oxygen Lo melal ralio in the fuel (start-value)
IPKORN | 1.0K-03 cm grain didineter
4 cruo (.28 Pu-concentration (Pu/(U + Pu)) in the fuel (start-value)
U35 0.73
Ply3s 0.01
1’139 0.67 - {solope distribulion in Lhe [uel (start-value)
PUAD 0.26 {(Ugs/iUys 1 Ugy) baw, Puy/Pu gl
PUAL G.05
P42 0.01
5 PORO 6.05 fuel porosily (start-value, ¢.f. VLLKGO in DB No. 6)
PORMAX 0.15 max. lolerable porosity in a luel ring
6 RABR 0.32356 cm (uel vuter radius (= RB(NRB))
RIBR 0.1 cm fuel inner radius (ZRB (1))
1 NRDATB no. of the actual DB (here: '3")
2 ERlss 2030 [MeV/liss| lission encrgy
SIGKAK | 0.0218 (actor lor converting neutronflux Lo fission rate
PTG 0. [1ssfemd | Lime-inlegrated fission rate {2 burnup)
3 TMAX 2800). e max. tolerable fuel centerline temperature
DISLTH 20). "C max, tolerabte temperature mismateh within two succeeding
ileration steps during the caleulation of the fuel temperature
profile
IITMAXE 50 °C max. Wlerable change of 4 fuel element's temperature from
one inlernal Lime suep to the next
4 TLZERO 24 “C relerence lemperatlure (slart value)
DIKMAX | 5.015-04 max. lerable change ol the non-elastic sirain during an
internal time step
DIESTIM 0.5 max. lerable ehange of slrain hardening strain related Lo

the non-elaslic strain change (DESHM = 0.5+ DEMAX)
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DSMAX 600, N/em | max. tolerable change of equivalent stress during an internal
time siep
5 GAMMA | 3.0014 03 Niem | surlace lension ol Lthe pores
RGRZ 5 AOE-05 ¢im minium radius for migrating pores
RSC 10. - factor describing the pore migration velocity
RSP I, factor deseribing the plastic stress limit in the pore region
BREL 1. - factor fur gas release medelling
9 1 NRDA'TH - - no. of the actual DB
21 SHGVD 2040, N/em? i radial stress in the fuel element
(L1:NEB)
3+ SIGVE 20y, N/em? | tangential stress in the fuel element
(2,1:NLEI3)
4 S1IGVvVB 200, N/em?2 | axial stress in the fuel element
(3,1:NEDB)
5 FCONR 3 radial contact foree hetween fuel and eladding
FCONZ 0. N axiul contact force between fuel and ¢ladding
6+ EVH 200 non elastic equivalent strain in the fuel element
(LNEB) | 0.115-08
7 LSS 20}« strain hardening strain in the fuel element
(ENEB) | 0.11-06
8 SIGCMCR 500, Nfem? | cracking stress lor the luel
CRAIAK 0.6 E-modutus in the fuel element is divided by this factor in Lhe
cracked state
FMUE J.0E 03 {riction coeflicient for friction belween fuel and cladding
5 ] NRDATIE no. of actual DB
2 RMAD I o . . : . . .
(actors lor modelling Lhe mechanical anisotropy in the fuel
PMAB . ' 8 d
3 RALIFAB| 1,1, L - thermal anisolropy -lactors for the Tuel
(B3
4 RIRRB | 11.33,0.33, aclors for modelling an irradiation induced [uel anisotropy
(1::3) 0.33
6 ; NRDATB no. of actual DB
2 Ni’ 2 no. of void volume classes
3 NPROD 1,1 { = 0 void volume clasgs represents fabrication porosity
(1:NP) {= 1:void volume class represents gas bubbles
{= 1:nu. ol voids of the i'th class ol void volume will decrease
4 MNLKG 1,1 {= 0: no. of voids ol the i'th elass of void volume is conslant

(1:NP)

{= 1:no. of voids of the i'th elass of void volume will increase
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5 XNLKGO| 1.6E0S, enyd no. of veids of the i'th elass of void velume (start-vatue)
(1:NP) 1.0I523
6 TGRAKG | 1200, °C temperature Hmil for cach class of voids. Void migration
(1:N1 1200. takes place ai higher lemperatures
7 BPORKG| -1.0E-03, - cociTicient describing the number of voids dependent on
(1:NPy | -1.0E-03 temperalure
8 VLKGG | 09,01 "region of influence” (gross volume) of each class of voids
{1:NP) NP
¥ VLEGOG) — 1., VLKGOG) = 0.
i=1
9 V9LLEGO |0.0498999, real volume of each class ol voids, related to total porosity in
(1:NP) 1.0E-7 the ring element
NP
¥ VLLKGOG) = PORO., VLLKGO() > (.
i
7 This DB is omitted. When called an error message is given
and the caleulation s ended.
8 1 NRDATH - No, of the actual DB
2 FKB 5.0 strain hardening characterislic
g .
to 'These DB's are omitled. When called, an crror is given and
11 the caleulation is ended.
12 1 NRDATR no. of the actual DB
2 NRH 6 no. of cladding radii
{=1: Zry-cladding
IMATLH 2 {=2: 58-1.4970 cladding
{=3: pol aclive
3 ZLHD 33, o length of the actual cladding node, resp. of the eladding
clements
RAUITL | 3.080 04 em cladding surface rougliness
1 hospT 0. nfem? | neutron dose
6 RAHU 0.38 em cladding outer radius
RITLI 0.33 om ¢ladding inner radius
8 HCOOL.1] 13 WiemZK | heat transier coefticient cladding Lo coolant
13 1 NRDATE no. ol actual DB
2 DELTIH 0.5 ¢ max. lolerable temperature mismateh within two succeeding
iteration steps during the caleutation of the cladding
temperature profile
DTMAXE 10. °C max. lolerable of a cltadding clement's temperature (rom one

internal time step Lo the next
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14 1 NRDTAB - no, of the actual DB
2+ SIGVH 50, N/ew | radial stress in the cladding element
(1, I:NIGH)
3+ SIGVTI Bal), N/em | tangential stress in ithe cladding element,
(2, LNEH)
4t SIGVH 540, Niem | axial stress in the cladding element
{3, LNEID
5+ LEVEI B - non-elastic equivalent strain in the ctadding element
(L:NISH) | 1.018-07
G+ ESHI S slrain hardening strain in the cladding element
(LNELHY | FOK-07
15 1 NRDATRB no. of the actual DB
2 RMAL! 1 - factors for modelling the mechanical anisotropy of the
PMATI 1. - cladding
3 RALIFALL| L1}, thermal anisotropy-faciors for the cladding
(1:3)
4 RIRRF | 0.0,0.67 - factors for modelling an irradiation induced eladding
(1.3 6.33 anisotropy
16 These DBs arc omitled. When called an errvor message is
Lo given and Lhe caleulation is ended.
17
18 t NRDATS - no. of the aclual DB
2 FKEH 8.5 strain hardening characteristic
19 This DB is omitled. When called
an ¢rror message is given and the caleulalion is ended.
2 | NRDATB no of actual DB
2 YRR 12, ¢m lengih of fuel column {total)
AR 7.6 cin length of blanket column
RABRLU 0.315 cm outer radius of blanket material
RIBRU 0. cin inner radius of hlankel material
3 YARRY! 33, ¢m tolal length of eladding tube
VSTRUK 0.475 e volume of inlernal struclure parts
21 1 NRDTAR - no, of actual NB
2 TANZZP see number of time sleps within the irradiation history (exilernal
time steps)
Hst limilation: 2 < TANZZP < |ZEIT
34 TIMISH of h setpoinls of time during irradiation, externally given by user
1 IANZZP) | slandard
4+ TPLEN inpul °C plenum temperature at time setpoinds
(L LANZLD
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30

5+ TCOOL see °C coolant temperature al time setpoints
{1 TANZLPY
6 DRA tist N/em? | system pressure at lime selpoints
(1 IANZZP) of
ERMDRIFQ.LE 13RI Siandard | N/em? | internal pressure al time setpoints
Ta+ (1 IANZZIY | Input
wpnerqas] DRE(D) Nfem? | internal pressure (starting value) corresponding to tempera-
Th {Annex 2) ture T (1)
Bt (™ Wiem | linear power ai Lime selpoints
(1: TANZZP)
22 1 NRDATE no. ol the actual DB
2 FLUXSA | 0.17TE18 {n/emZsec| non-disturbed fast neutron flux
FLUXEA 0. n/cm2sec| non disturbed epithermal neutron flux
FLUXTA 0. nfem2sec) non-disturbed thermal neutron flux
3 [PLUX 161 1. {lux depression (resp. minimum of the relative flux) for
epithermal ffux
FLUX'TI 1. flux depression lor thermal flux
23 1 NRDATRB no. of the actual DB
I
arrriarg:| FEGIIX 1.5 W/em2 k | fuel eladding heat transfer coeflicient, if it is chosen as
2a constant value
w CON 0.5,085,
arrreaiqa:f (LIGAS) | 0.,0.,0. gas mixture in the gap
2b {(11e, Ar, Kr)

Ne,Ny)

KPST 10 °C upper limit for the fuel surface temperature mismaich
during two succeeding iteration steps when calculating the
fuel cladding heat transfer

e
arrria-ig2): | WLAMNA 0.5b W/em?k | thermal conductivily of sodium {or of another liquid metat)
e
24 These DBs are not active. When called an error imessage is
10 given and the ealeulation is ended.
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I1.1 Tolerances and Limits

The values related to tolerances and limits can be subdivided into three groups:

Group 1:  Control of the validity region of the single models

Group 2: Limitation of the number of calculational steps, iterations and similar

numerical procedures

Group 3:  Specification of array dimensions,

They have been specified via the subroutine INPUT or as PARAMETERS in the
respective subroutines (in this case details are given below). The values in brack-

ets correspond to the established and recommended values.

Group 1:

The tolerances and limits described below control the range of validity of the re-

spective models. The requirement of accuracy is however limited by both the inac-

curacy of computation itself and systematic errors which are due to the numerical

procedures and model assumptions used in the individual models.

DELTB(20°C);

DELTH(0.5°C):
EPST(10°C):

DTMAXB(50°C):

DTMAXH(10°C)

DEMAX(5.E-4):

DESHM(0.5):

DSMAX:
(500 N/mm?2)

maximum folerable temperature difference of two successive
iteration steps during calculation of the temperature distribu-

tion in the fuel

idem for the cladding

upper limit for the difference of two successive fuel surface
temperatures during iterative determination of the heat
transfer in the gap

maximum tolerable temperature jump in the fuel elements

from timeitoi-+1
idem for the cladding

maximum tolerable change of non-elastic strain from time i
unfili+1

maximum tolerable change of strain hardening strain, related

to the change of non-elastic strain from time i until i +1

maximum tolerable change of equivalent stress

from time i until i+ 1




ICMAX(20):
in RISS

KRIMAX(1900°C):
in DTTEMP

OMEPS(0.001):
in MIGOX

PORMAZX(0.15):

PORMIN(0.01):
in PORCOM
PORMIG

TMAX(2800 oC):

Group 2:

-134-
maximum permissible number of cracks in a fuel ring
upper limit of the fuel temperature up to which creep is taken
into account in calculation of the internal time interval DT

maximum tolerable error limit during iteration in MIGOX

maximum porosity in the fuel; a higher pore fraction than
PORMAX is attributed to the central channel

minimum permissible porosity in the fuel rings

maximum tolerable fuel temperature (prints out message).

When these internal numerical counting limits are exceeded, the calculation is

stopped. Program interruptions may be avoided by reviewing the finite element

geometry, and/or the allowable tolerances and accuracies of the models which de-

scribe the materials” behaviour,

EXPMAX(140):
in FCREEP

ITEMAX(10):
in GAPRS

I'T'M(50):
in MIGOX

ITMAX(7000):
in MAIN

maximum possible exponent of the exponential function for
avoiding underflow and overflow, resp. in the FCREEP sub-

routine

maximum permissible number of iterations during calculation

of the fuel surface temperature (causes program interruption)

maximum permissible number of iterations in the MEGOX

subroutine (causes program interruption)

maximum permigsible number of internal computer time
intervals per external time interval (causes program interrup-

tion)



TEPS(1.E-10-h);

in DTIME
DTTEMP
DTPOR
MATN

Giroup 3:
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is necessary for the determination of the last internal time
increment each of an external time interval so that the end of
the respective internal intervals exactly coincides with the
end

of the external interval. This implies that in this special case it
is also the shortest possible computer time interval or internal

time increment resp.

The following symbolic constants are used to simulaie variable dimensioning.

They facilitale any necessary increase in dimensions and only the respective pa-

rameter must be modified in the concerning program units.

IRB == 50
IRH =10
IEB =49
EIl =9

IGAS =5
IKF =10
IKT = 20
IKZ =5

PZEIT = 100

lengths of "radius-dependent” fields
(B ~ fuel ,H A cladding)

lengths of fields relating to the elements
(IEB = IRB-1 and H, resp.)

lengths of the fields which concern the number of gas compo-
nents in the fuel rod (must not be modified without corre-
sponding modifications in the respective subroutines! cf.
GAPRS)

parameters for specifying the dimensions of the gas release
and creep tables (identical for B and H);

available maximum number of external time intervals given

by user or the length of the corresponding arrays resp.

11.2 Instructions for the use of the interpolation tables

As has already been mentioned previously, certain material phenomena (ef. G2.,
Fuel Creep and Fission Gas Release; G3., Cladding Creep) can be calculated either
by models provided in the program or for special purpose by a table specified by

the user (by two-dimensional interpolation). To avoid difficulties arising in use of

this table, some explanations are now given as to its use.
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General form of the table

Fq Ty yi(FiTy) yo(F1Th) ... y.(FiTy)
’.FQ y¥(F|T2) yg(Fﬂz) yf,(Fsz)
T, NETY  ya®iT)  y(FITw)
Fy i yi(FaTy) ya(FoTy) yu(FoTy)
sz yl‘(Fsz) yg(Fsz) y,:(Fng)
T §1(PoTy) y2(FyTy) yo(F5Tr)
F3 '.I‘l Y?(FSTI) y?(Fs,T;) )’z.(FSTl)
Fy Tl y;(Fle) y%(Fle) Y';(Fxrl‘])
':fn y i(FxT n) y;(FxTn) y;(FxTn)

In the program the vectors FB and FH, resp., are provided for F,...F; whose length
is IKF; for T'|... Ty the fields TB and TH, resp., of the length IKT. For the rest of the
table, namely y((FF)...y.(FyxTy), the FTMB-H memory with the dimensions
(IKT, IKF, IKZ) is provided. Filling up this three-dimensional field is done by the
subroutine KRBMAT for Fuel Creep, KRIIMAT for Cladding Creep and GSBMAT
for Fission Gas Release. (Available dimensions ¢f. 1.1.1)

If the user wishes to change tables, the procedure for "columnar storage of multi-
dimensional fields” in FORTRAN should be kept in mind.

I12. Program Output

The output list generated by the program consists of two parts:

s output of the input data,

s output of all results of the computation.
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Cuiput of the inpui daia
The first output generated by the program is a lisi of the input data used. Also
those variables are output which in the INIT subroutine are calculated directly

from input data (c.f. Annex 2).

Ouiput of all resuils of computation

At the appropriate times as specified by the input, the variables are output which
characterize the materials” state as calculated by the code (additional outputs are
produced just before and after fuel cracking and in case of errors).

The first line of the list generated at each time-step contains the number of the
time interval just terminated, when it began and when it ended. The end of the
time interval is the "instantaneous” point in time at which the actual calculation

was made,

The denotations KM, KR, KE at the beginning of each line mean:

KM: material designation: 1 for fuel, 2 for cladding
KR: numbering by radii

KJ&:  pnumbering by elements (rings)

KG: numbering by void volume classes

= ( : fuel ring unecracked
1C:

> O : fuel ring eracked, indication of the number of cracks in the fuel ring
At the end of the list an information is given about the total number of internal

lime steps and used CPU-time.

Control of the SATURN-FS 1 Output:
The oulput generaled can be written into one (PARAMETER IW = 6: standard

unit reference number) ore more external output files, If desired any part of the
output can be directed into a special output file. For that purpose some more unit
reference numbers (IW1.IW5) are available in the PARAMETER-list of the sub-
programs OUT and INOUT. For its activation the exchange in the standard unit
reference number IW for one of the parameters IW1-TW5 is required in the corre-
sponing WRITEs. In that case additional ID}-cards are needed in the Job Control.

An illustration of a print-oul is given as Annex 3, The output daia can be inter-

preied using the following table.
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12,1 Meaning of the Quiput Variables

FORTRAN Dimension Meaning
SYMRBOL
BU MWd/kg Me |burnup
CPROB approach to tolerable cladding toad
Cru - Pu-coneentration in the fuel ring KE
DOSDT nfem? tolal neutron dose
DOSP nfem?2 s |neutron flux
DPA - - | neutron damage (displacement per atom)
DRADT N/em2 sysiem coolant pressure
DRIDT N/em?2 internal gas pressure
EPSNE (1) - rad. nonelasiic strain in the element KE of the material KM
EPSNE (2) - tang. nonelastic strain in the element KE of the material KM
EPSVER 3 - axial total strain of fuel |
EPSVII 3 - axial total strain of cladding
KS11 - sirain hardening strain in the element KE of malerial KM
DAY - nonelastic equivalent strain in the element KE of material KM
FCONR N radial contact force
FCONZ N axial conlaet force
FESH 1/h rate of strain hardening strain in the element KE of ma.terial KM
FEV i/h total nonelastic deformalion rate of the element, KE and material KM
FIMA burnup
FPGKG N/em? gas pressurc in the pores of void volume class KG in the element KE
FRISS em? cracked area in the fuel element KE
GMFREI] Moles total number of released gas moley
OMKG Meoles no. of gas moles in the void volume class KG of the element KE
MHGAP W/em2. K [heat transfer between fuel and cladding
KE,P‘}’( ]/;’Rﬁ 9 - gas mixture in the gap
1C -- no. of eracks in the element KE (A ICRACK)

no. of internal compulalion steps in the instantaneous exiernal time
interval

no. of the instantaneous external time interval
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FORTRAN Dimension Meaning
SYMBOL
K . numbering by elements (rings)
KG -- numbering by void volume classes
KM - malerial degignation: 1 [or {uel, 2 for cladding
KR - numbering by radii
O/M - oxygen-to-metal ratio
PHID'TQ fiss/cmd radial average of Lthe time integrated fission rate
PP fiss/em3 - sec |loeal [ission rate in the fuel clement KIE
PHIPQ [iss/em3 - see radial averaged Aisgion rate
POR - porosity in the fuel element KE
PRA €m radius of the pores of the void volume class KG in the fuel element KE
PRI - relative flux distribution at the Muel radius KR
Qbr W/em linear power
RAD e¢m radii of the rings or resp. elements of the material KM
SFRISS cm? crack volume per unil length
S1G (1) N/em? radial
513G (2) N/cm2 tangential }  strossin the element KE of material KM
SIG () Nicm? axial
SKDT W/em thermal conductiviby integral
Y N/em2 cquivalent siress of the element KE of the material KM
TCOLDT o coolani temperalure
TIMIE (1ZP) h start of the time interval T2P
- TIMEDT h - end of the time unterval 21 or instantaneous time sctpoint
TEDTR o temperature at the radius KR of the material KM
TPLEDT 0C plenum temperature
3 VILLEKG "effective” pore volume of the void volume elass KG in the element
KL
- VIPLEN cm?d void volume in the {uel rod
- XNLKG cm™3 no. of pores of the void volume class KG in the fuel element K1
AP ¢m axial length ol the clement KE at the radius KR of the material KM
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12.2 Program Interruptions

Program interruption occurs, e.g. if input errors are made or if specified boundary
limits have been reached (cf. I1.1, Group 2). Should such a termination take place,
reasons are given in the output list which also indicates the program unit where
the interruption was initiated.

A defined stop also occurs if the predetermined CPU-time limit will probably be
exceeded (controlled in MAIN by Subroutines CPUTIME and TIMEL). In this case
an output list is given, which contains all results up to the last computed internal
time step. The allowed remaining CPU-time is 0.1 sec. If it falls short of 0.2 sec a
warning is given that computation will be interrupted. (These values are related
to an IBM 3090 and have to be occasionally adjusted).
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Part 3

Code Verification and Examples of Application
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K .Verification

During the test and verification phase experiments are recalculated with the code
in order to compare the analytical results with experimental data or with the re-
sults of other codes. The experiments selected for recalculation with SATURN-FS
1 are chosen so that it is possible to compare single effects such as fuel tempera-
tures, fuel structure and redistribution effects or fuel rod mechanical behaviour.,

K2. Cladding Creep Test

As a first step the mechanical behaviour of internal pressurized Zry cladding
tubes was recalculated. Thus the description of the complete elastic and nonelastic
mechanics could be tested, especially as the experiments were performed not only
under constant internal pressure but also under varying pressure levels.

®  Malerial data

Material : Zry-4
Dimensions
outer diameter 10.922 + 0.055 mm
inner diameter 9.576 £ 0.05 mm
wall thickness 0.610 mm
lasl annealing 2 h at 485 °C
Mechanical properties at room temperature:
ultimate tensile strength Ri;n = 783 N/mm?
yield strength Rpo,e = 583 N/mm?
mazx. uniform elongation Ay =20%
at 343 "C
ultimate tensile strength Rm = 487 N/mm?
yield strength Rpg,e = 382 N/mm?
max. uniform elongation Ay =21%

¢  Kxperimental conditons

[ Temperature (°C} Internal pressure (MPa)
318 18.04 22.55
343 13.53 18.04 22.55
370 9.02 13.58 18.04 22.55
400 9.02 13.53 18.04
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Furthermore, at a temperature level of 343 °C transient tests were performed:

- after 300 hours the internal pressure was raised from 18.04 MPa to 22.55
MPa and

- also after 300 hours the internal pin pressure was decreased from 22.55
MPa to 18.04 MPa.

¢  Results

Comparisons between experimental data and calculational results are given in
Figs. K2-1 to K2-5. These figures show that the SATURN-FS code is capable to de-
scribe the mechanical behaviour of cladding tubes under steady state and under
transient pressure with good accuracy.
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3 .
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l
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— s time [h]

Fig. K2-1: Comparison between measured and calculated circumferential creep
strain at 316 °C and different internal pressure
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K3. The IFA-404! Irradiation Test

The IFA-404 test was performed in the Halden Reactor in Halden, Norway. Fig.
K3-1 shows a drawing of the "Instrumented Fuel Assembly” IFA 404. With this
test rig it was possible to measure the diameter and length changes of three fuel
ping during irradiation.

®  Test ohjective

Objective of the IFA-404! test was to measure the diameter increase, ridging and
length changes of fuel pins with different gaps between fuel and cladding. Fur-
thermore this test series should investigate the influence of lubricating or protect-
ing layers on the fuel and on the inside of the cladding.

®  Tuel pin data

Recalculation was done for the pin no. 403 with no lubrication layer. The data of
the fuel pin are given in Fig. K3-2.

®  Testconditions

The first power c¢ycle of the pin no. 403 was recalculated. During this cycle the lin-
ear power was increased from zero to 535 W/cm, kept at about this level for nearly
24 h and then slowly reduced, see Fig. K3-3.

¢  Recalculation

Objective of the recalculation of this experiment was to do a complete thermome-
chanical modeling of a fuel pin and to compare the calculational results with the
experimental data. Especially the mechanical parts of the models could be tested

by recalculating this experiment.
The most important of them are
fuel cracking and relocation
the onget of contlact after gap closure
- contact forces and friction forces

- combination of fuel and cladding thermomechanical behaviour resulfing

in creep and plastic deformation of the cladding,.
#  Results

Fig, K3-4 shows the power history of the first power cycle, and the resulting cir-
cumferential stresses and strains in the cladding as they were calculated by the
SATURN-FS code. The calculated circumferential cladding strains are compared




- 148 -

to the experimental values. The agreement between experiment and calculation is

quite good.

Quite more informative, not only with respect to the modeling of the gap closure,
but also for a more general judgement whether the model can sufficiently describe
fuel pin mechanics and especially PCI and friction effects is the presentation in
Fig. K3-5. Here, the calculated and the experimental values for axial and circum-
ferential cladding strains are drawn versus the linear heat rate during the first
power cycle. With respect to the circumferential cladding strains, the results of
two kinds of calculations are shown besides the experimental values: at first the
results of a calculation without a crack/relocation model, as it was used in earlier
code version [K3-1]. As can be clearly seen from this curve, a sudden hard contact,
at about 250 W/cm is predicted, which is in contrary to the experimental result.
This deficiency was already mentioned in [K3-1]. Looking at the results of the cal-
culation when the new crack/relocation model is implemented into the code, the
agreement has improved. Especially, the modeling of the soft onset of the contact
forces between fuel and cladding tube seems to be very satisfactory. The only
slight discrepancy between experiment and calculation exists after ramp down at
zero power. Here, the model obviously overpredicts the eircumferential strain by
about 5 10*or 0.05 %.

But keeping in mind the rather complicated conditions in the fuel pin, this discre-
pancy seems to be acceptable. Perhaps, a better agreement would have been
reached, if more detailed data for the cladding material were available, e.g. creep
data or information on the mechanical anisotropy of this special material,

The lower part of Fig. K3-5 gives an impression of the axial cladding strain - mea-
sured and recalculated. Besides a slight overprediction during ramp up at linear
heat rates above 400 W/em the agreement is very good.

References
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3 PIN DIAMETER RIG

g
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FUEL LOADING:

Three 50 cm long fuel rods (replaceable).

TEST CAPABILITIES:

Measure diameter profile and length of
3 fuel rods at power.

Change power in range 60 - 100% of
FP at max. rate 5% of FP/min.

TEST OBJECTIVES:.

Clad cracking by localized strains over
pellet interfaces (ridges) and fuel cracks
constitute a major problem for power
reactor operation.

The localized strains (ridges} are affecled
by fuel design parameters and by type of
power manipulations.

This rig with its special instrumentation
and He3 power depression system is
specially well suited to study the
influence of both these effects.

The example below is from a study of
the influence of interface lubrication,

§

Graphite
an pallats

Siloxans
on clad,

No jubricatlon

The three diameter profiles show
that thece is no significant influence
of interface lubrication on the
ridging.

Instrumented fuel assembly IFA-404 for in-pile diameter
measurement of fuel pins
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15508 NO1 2 PAGE 1
DATA SHEET san. & 8 |oaw, 22 5.73
IFA- (04T
TEST ASSEMBLY DATA
DESCRIPTION
Fuel Form Sintered and ground UQ, pelliets
Pin No. qo1t) 402%) " 403 Total
Fus| Weight kg 0,604 0, 539 0. 605 1,808
End Pellets 033 033 . 034 0,100
Fusd Density gfemd 10.40 {95% of T.D.)
Fual Diamaler mm 12,63 12,60 12,64
Enrichment 7 Mo u-238
EC No. 1 ¢ 3
Diem, Claarance, peny | 0. 060 0.100 0,060
End Pallets‘r Cne at each end, depl«u-d'UOz. Length < 12 mm
Palle! Length mm k5
Dishing Dished one end (spherically) _
Dishing Depth mm 1.0 (Dish volume = 2,4%)
Land Widih mm 1.0
Cladding Zr-2
Cladding State ASTMB 3531-64T7. Fully annealed
R.T.: UTS=58.4 (kp/mm°) YS = 43.5 EL : 28 (%)
300%C: " 29,4 " "E17.9 " - 45 (")
Walding TIG
Filler Gas Helium
Clad, tnt, Diam, mm 12,70
Clad, Thickness mm 0. 80
Mo, Ping [Cluster 3
Pitch Dislence mm 46 (P.C.D.Y
Spucars Twa end plates
Fued Longthi®in mm 500 active luel length
Plonum
Shroud Material Al X 8001
Shioud Int. Diem. mm 0.5
No. Of Clusters 1
1} Pellets coated wilh graphi!e.-"'\/llm thick.
2} Cladding coated inside with siloxane, = ‘i/um thick.
Maoisture content<5% ppm.

Fig. K3-2: Design data of the IFA 404! irradiation test
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3-rod diameter rig IFA-4041 (HP)
Total irradiation time; 22/6 - 29/9-73.
No. of shutdowns (zero power) : 19,

Average heat rating { Wicm)
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K4, The IFA-405' Fast Power-Ramp-to-Failure Tests

As the IFFA-404 test IFA-405 test was performed in the Norwegian Halden Reac-
tor. But, supported by an internal He-3 system in the fast power transients could
be verified in the [FA-405 rig.

®  Testobjective

The objective of the first test series IFA 405" was to study the influence of power
transients with different rates on the failure behaviour of preirradiated pins. Dur-
ing the experiment the axial cladding strains could be measured.

¢  Fuel pin data
The materials and dimensions of the IFA 405' pins are the same as for the IFA
404' test pin no. 403, mentioned in section K3, The pins were preirradiated for
about 0.8 % FIMA.,

¢  Testconditions

The test conditions and results are schematically represented in Fig. K4-1. As can
be seen, pin no.101 was first ramped very slowly up to 660 W/em, then rated down
and again ramped up with a ramp-rate of 27 W/(crm - min) up to 670 W/em and
kept at this power for 10 hours. Pin n0.103 was ramped up with 26 W/(cm'min) up
to 660 W/cm. After a short time at the maximum power level the test was inter-
rupted by a reactor scram. After the scram the test was continued. Pin no. 104 was
ramped up to 700 W/em with a ramp rate of 30 W/(cm - min),

@  Tesiresulis

While the pin no. 101, which was conditioned by the first slow power increase, re-
mained unfailed, the ping no. 103 and 104 failed.

®  Reecalculation

The objective of the recalculation was to test the capabilities of the SATURN-FS
code Lo describe the effect of fuel pin conditioning; i.e. the influence of creep and
stress relaxation especially with respect to the prediction of PCI fuel pin failures.

®  Resulis

The results of the calculations are depicted in Figs. K4-2 to K4-8. Fig. K4-2 shows
the power history of the preirradiation of all three pins as well as their circamfer-
ential and equivalent stresses and their circumferential and axial strains during
preirradiation. As can be seen, no permanent strainsg are generated. The power
history, circumferential and equivalent stress as well as total and plastic circum-
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ferential strain of pin no. 101 during the slow power increase - the conditioning
phase - is given in Fig. K4-3. Here the calculated maximum circumferential stress
at 660 W/cm is about 240 N/mm? and the egquivalent stress is 170 N/mm?. The
maximum total circumferential strain is 7 - 10’3, the maximum plastic strain at
the end of the conditioning phase is4 - 103, Fig. K4-4 represents the results for the
fast power ramp of pin no. 101. As can be seen, in spite of the 10 W/cm higher lin-
ear power (670 W/ecm) the stresses are lower than the maximum values during
conditioning. The plastic portion of the circumferential strain shows a small in-
crease to 4.2 103, the total circumferential strain is 7.4 - 103,

The calculated stresses and strains for the pin no. 103 are given in Fig, K4-5. The
maximum circumferential stress for this pin is 300 N/mm?, the maximum equiv-
alent stress exceeds 200 N/mm?, The plastic portion of the circumferential strain
at the time of the first power maximum is 3.4 * 109, the total circumferential
strain reaches nearly 7 * 10, The stresses and strains for the cladding of pin no.
104 are still higher than those of pin 103 (see Fig. K4-6). Butin this figure also the
creep induced stress reduction can be seen. After reaching maximum power, there
is a plastic circumferential cladding strain of 3.7 - 10, correlated to a circumferen-
tial stress of 330 N/mm?. During the holding time of 12 hours at the maximum
power level the plastic part of the circumferential strain is increased to 4.9 - 103,
whereas the circumferential stress decreases to 270 N/mm?,

An impression of the quality of the performed analyses can be given by the com-
parison of the calculated vs. measured axial cladding strains as given in Figs. K4-
7 and in K4-8. As can be seen, the agreements are good,

With respect to the failed and not failed fuel pins, the calculated results can well
represent the experimental facts. Table K4-1 shows the cladding stresses of the
pins 103 and 104 normalized to those of no. 101.

Table K4-1. Cladding stresses of pinsno, 103 and 104 normalized to the
stresses of pin no. 101

pin no, oo 0v/0y,101
103 1.25 1.18
104 1.38 1.35

Ag Table K4-1 shows, the circumferential stress of pin no. 103 is 25 % higher and
the equivalent stress is 18 % higher than that of pin no. 101. The corresponding
values for pin no. 104 are even higher - 38 % and 35 %.



For unirradiated material the ultimate tensile strength in the considered tem-
perature region is about 290 N/mm?. Taking into .account stress peaks at the
pellet-pellet interfaces - a stress intensity factor of 1.5 is not unrealistic - and con-
sidering the influence of the chemical inventory, the calculated failure stresses,
which at the first moment seem to be rather low, lie within realistic limits. The
confidence in the calculated stresses is further supported by the good agreement of
the calculated axial cladding strains with the experimental data.
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and strains of the IFA 405 test pins during pre irradiation
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K5, An FR2-Vg 7 Irradiation

The Vg 7 irradiation test series was performed in the Karlruhe FR2 test reactor in
order to develop new types of Fast Breeder Reactor fuel. The fuels inserted in these
tests can be characterized as follows:

- U/Pu-mixed oxide fuel

- 95 % density

- O/M-ratio of about 1,96

- 25 % Pu-enrichment.

The objectives of recalculating this irradiation experiment were to test the agree-
ment between experiment and the calculation with respect to

- temperature profile in the fuel

- dimensions of the central void

- gapclosing

porosity profile in the fuel.

The comparison between experimental data - gained by post-irradiation examina-

tion (PIE) - and modeling results are given in Figs. K5-1 Lo K5-4.

Fig. K5-1 shows the calculated radial temperature profile of the pin at maximum
power compared to the structure radii evaluated by PIE in the hot cells, The outer
radius of the zone of equiaxed grain growth can be correlated to a temperature
range between 1300 °C and 1400 °C. Also the outer radius of the columnar grain
zone is correlated to a temperature range between 1800 "C and 1700 °C. So, if the
modeling prediction is good, vertical lines starting from the radii, measured by
PIE and horizontal lines starting from the boundary temperatures must match to-
gether on the calculated radial temperature profil as it is shown in Fig. K5-1. As
the fuel restructuring is an irreversible process always the maximum thermal

load conditions must be compared with the PIE structure information.

The predicted development of the structure and geometry changes of the fuel dur-
ing irradiation is shown in Fig. K5-2. As can be seen from this figure, there is a
very early gap closure and a continuous increase of the central void. The isotherms
at 1300 °C, 1400 °C, 1600 °C and 1700 °C generally show a decrease of the thermal
load in the fuel during the irradiation. Again the calculated isotherms, represent-
ing the structure radii, are compared to the PIK-values and furthermore there is a
comparison between the calculated radii of the central void and the measured
data. The overall good agreement of the SATURN-FS predictions can be seen.

The calculated radial distribution of pores and cracks are compared with the hot
cell data in Fig. K5-3. There seems to be some discrepancies with respect to the
pore profile between prediction and experiment, which need to be discussed. The
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hot cell measurement was performed with image analysis on a radial trace of the
fuel. This trace was selected so that the amount of cracks was as small as possible.
But, as can be seen from the metallographic cross section (Fig. K5-4), it seems to
be impossible to find a radial trace where only pores can be measured, without any
partizipation of cracks. So, if the calculated crack area is added to the calculated
porosity, the agreement between analysis and experiment is much better. Curve
no. 1 in Fig. K5-3 shows the calculated porosity only, curve no. 2 porosity plus
cracks. The peak in curve no. 2 at a relative fuel radius of about 0.75 is related to a
maximum of the erack portion in the fuel and may perhaps in a very rough esti-
mate be related to the cracking during cool-down, which in reality shows cracks
perpendicular to the radial direction.

The metallographic cross section in Fig. K6-4 shows this crack formation at a rela-
tive radius of about 0.6 - 0.7.
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I.. Application

L1, Design Calculations for Test Pin with LWR-Geometry

L1.1 Introduction

As a part of the cooperation between an external partner and KfK, an irradiation
experiment with an LWR-type fuel pin has been planned.

As a first step of design considerations for the test fuel pin, studies on the antici-
pated behaviour of test fuel pins were performed.

L1.2 Desipgn of the Test Pin

As the final construction of the test pin is not yet completed, an estimated design
was taken as a basis for the behaviour analysis. This design was chosen rather
similar to standard PWR fuel and fuel pin dimensions. The fuel pin length was ac-
comodated to existing of the irradiation device data.

The test pin data are as follows:

e el rod
- length: 366 mm

- plenum volume: 1.44 cm3
- backfill gas: 90 % He, 10 % Ar

. Cladding

material; Zry4

outer diameter: 10,75 mm

inner diameter: 9.30 mm

T

surface roughness: 0.7 uym

. Fuel
material: UQOgq

r

1

- diameter; 9.08 mm

- density: 94 % TD

- enrichment: 3% U-235
- grainsize: 10 pm

- surface roughness: 2pm
- stack length: 321 mm

° Irradiation facility
- neutron flux 1.2-1011 n/ecm?2-g)

- heatl transfer
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coefficient
coolant to cladding: 6 W/(em2-K)

L1.3 Fuel Pin Performance Calculations

To study the operational behaviour of the test fuel pins, fuel modelling calcula-
tions were done, using the SATURN-FS 1 computer code.

To take into account the influence of different environmental conditions, the anal-
yses were performed for different coolant temperatures, coolant pressures and

pressures of the backfill gas.

So the following variations have been studied:

Fuel rod type 1 2 3
coolant temperature (°C) 160 310 310
coolant pressure (bar) 5 130 130
backfill gas pressure (bar) 1 1 20

The power history, which was chosen for the analyses, consists of the following
parts:

- startup ramp

- steady state operation at 350 W/cm for 2000 h

- load reduction to 100 W/cm,

- low power operation for 30 days, followed by a ramp up to 350 W/ecm again,

- overpower ramp to 450 W/em with a ramp rate of 10 W/(cm-s).

L1.4 Results of the Analyses

The results of the calculations are shown in Figs. L1-1 to I.1-5.

Fig. L.1-1 shows the radial temperature distribution of the typ 1 fuel pin at several
linear power levels. As can be seen, the fuel centerline temperature reaches a
maximum of 1220 °C at 350 W/cm.

Due to this low thermal load, there is no contact between pellet and cladding.

The radial temperature distribution as shown in Fig. L1-2 is derived by the type 2
fuel pin. The maximum fuel centerline temperature is here about 1450 °C. The dif-
ference to the type 1 pin is mainly caused by the higher coolant temperature.
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As there is no difference between the temperature profiles of the pressurized and
the non pressurized fuel pin, the temperature profiles for the prepressurized pin,
case 3, are just the same as those shown in Fig. L1-2 for the non pressurized.

Fig. L.1-3 shows the calculated power history of the type 1 fuel rod and the result-
ing cladding inside radii and stresses. As can be seen there is no cladding diameter
change during full power operation. Furthermore, the cladding stresses are low
and are also nearly constant.

This is quite different with the type 2 fuel rod which is operated under 130 bar
coolant pressure, 310 °C coolant temperature and with a backf{ill gas pressure of 1

bar.

Fig. L1-4 shows the results of the analysis of this case. In the bottom part of the
figure, the power history is given, the top part shows the generalized cladding
stress and the middle part the inner radius of the cladding during the operational

time.

As can be seen, there is a strong cladding creepdown with a hard contact between
pellet and cladding after about 1000 h. After this contact the cladding radius re-
mains constant as long as the power is not changed. After the power reduction at
2000 h the cladding is freestanding again and shows further creepdown. During
the following power increase the gap is closed again and, after reaching the 350
W/em level, the cladding tube shows a creep in outward direction until the start of
the strong diameter increase caused by the overpower ramp.

Looking at the generalized cladding stress, it can be seen, that, after a slight in-
crease during the period before hard contact occurs, the stress is slightly reduced
after the hard contact point by a support of the cladding by the fuel and by stress

relaxation,

This is just more illustrated by the stress increase after power reduction, when
again there is a freestanding cladding. At the following gap closure there is a
stress reduction again, and the stress is still further reduced by cladding creep and
stress relaxation effects as mentioned before. The overpower ramp gives a stress
peak with a height of about 50 N/mm2 and with an absolute value of about 86
N/mm?2,

Creepdown of the cladding during low power operation for longer times may some-
Limes lead (o high cladding stresses when the power is increased again.

Peak stresses may also occur at power ramps, as shown in Fig. L1-4, especially
late-in-life after some cladding embrittlement, then perhaps leading to fuel rod
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failures. To avoid these failures or to reduce the probability of the occurrence of
these failures, modern PWR fuel rods are prepressurized up to about 20 bar as a
standard fabrication step, but this is not so necessary with short-time, low power

test irradiations.

Fig. L1-5 shows the advantage of a pre-pressurized rod in comparison with the be-
haviour of the non-pressurized rod in Fig. L1-4. As can be seen from this figure,
the creepdown is more slowly than with the non-pressurized rod and "hard” con-
tact occurs only at the power ramp up to 4560 W/em. The stress increase during the
low power operation is here caused by the decrease of the internal gas pressure,
thus increasing the pressure difference across the cladding tube.

L1.5 Conclusion

Design calculations were run for a test fuel pin, in oder to model the operational
behaviour of this pin at typical PWR conditions.

It can be shown that a test fuel pin, if irradiated at these or some similar condi-

tions, will not show any unexpected results.

1500 + 1500 A o
- 1450°C
System pressure = 5bar System pressure = 130bar
Cootant temp. =160°C Coolant temp. = 310"C
= 1220°C na preprassurization no prepressurization
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g g
1]
5 :
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500 -+ 500 T E
=
o ()
£
s
]
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p s 3 4 5 6 ] 2 3 4 5 8
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Fig. 1.1-1; Radial temperature Fig.L1-2: Radial temperature
distribution in fuel rod of distribution in fuel rods

type 1 of type 2 and type 3
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L2, Considering the Influence of Microcracks on the Thermal Behaviour of Mixed
Oxide Fuel [LL2-1]

1L2.1 Experimental Evidence

The thermal conductivity of the fuel is one of the most important features in fuel
pin design, because the maximum heat generation in the fuel is limited by its
thermal conductivity via maximum tolerable temperatures. For this reason, the
thermal conductivity of various FBR fuel types was experimentally determined.
The results were correlated to effective fuel structure parameters [L2-2].

The thermal conductivity was deduced from thermal diffusivity measurements in
the temperature range from 750 to 1450 °C which were made in the Karlsruhe Eu-
ropean Institute of Transuranium Elements. Two exireme results are shown in
Figs. L2-1 and L2-2, The data of the fuel type given in Fig. L2-1 are about 20%
worse than the data [L2-3] commonly used as standard or reference data in the
data base for design calculations, whereas those of the fuel type shown in Fig. L2-2
are better by about the same percentage than these reference data.

The two fuel types differed by the following parameters:

- The fuel type of Fig. L2-1 had an oxygen-to-metal (O/M) ratio 1.962 just after
fabrication and of 1.997 at the time of the determination of the thermal con-
ductivity. The amount of open porosity related to the total porosity was about
92% at the same time.

- The values for the fuel type shown in Fig, L2-2 are 1.958, 1.960 and 7%, re-
spectively,

As also observed with other fuel types, the fraction of open porosity increased with

increasing O/M shift, particularly in the range of small channel diameters less

than 100 nm which can be attributed to microcracks. Fig. L2-3 shows an example

for this effect.

The investigation of the thermal conductivity of the new FBR fuel types ylelded
the following results:

- Pellets without open porosity (microcracks) seem to have a significantly bet-
ter thermal conductivity than expected from the reference data.

- Although the increase of the O/M ratio leads to an improvement of the ther-
mal conductivity of the fuel material itself [L2-3], the effective thermal con-
ductivity decreases slightly with increasing O/M shift as consequence of the

formation of microcracks.
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L2.2 Consequences for the Thermal Behaviour at Begin of Operation

An increase of the O/M ratio is found in the outer part of hypostoichiometric fuel
pellets under operation conditions. The radial temperature gradient is the reason,
why the O/Mratio falls below the initial value in the inner hot region, whereas it
goes up to values near 2.00 in the outher cold region [L.2-4].

It must be expected that the formation of microcracks accompanies this increase of
the O/M ratio in the same way as observed out-of-pile. The influence of this phe-
nomenon on the thermal behaviour of the fuel pellets at begin of operation was
analyzed by means of modeling calculations using the SATURN-FS 1 computer

code.

The operational data chosen for this purpose are typical for the irradiation test to

be considered in the following chaplers.

The radial temperature profile after restructuring as it is expected according to
the reference dala is shown in Fig. 1.2-4 (case 1). A global fit to the experimental
values leads Lo the second profile in Fig. L2-4 (case 2).

A more detailed consideration was carried out using the so-called Maxwell-

Eucken equation [L2-5].

Mip= B(1-P)i{] +P) (L2-1)
with
4 = thermal conductivity of the porous fuel,
Ay = thermal conductivity of the 100% dense fuel, and
P = volume fraction of porosity.

This equation takes into account pore structure and thermal conductivity through

the pores by means of the pore shape factor g [L2-61.,

This factor § was correlated in the analysis to the local O/M ratio according to
0.5 = p=7.0
with
f = 0.5 for the initial fuel structure with original O/M ratio, without cracks-

sand with, approximately, spherical pores, and

p = 0.7 for the fuel structure resulting from the increase of the O/M ratio up
to 2.00 (according to ref. [L2-2].

The temperature profile calculated under these asssumptions (case 4) is compared
in Fig. L2-5 with two profiles which were calculated assuming constant values for

#, 5.0 an 0.5 respectively (case 3 and 5). Table L2-1 summarizes geometric and
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Table L2-1: Thermal fuel analysis dependent on different conductivity data and
pore shape factors

Fuel radius Fuel temperature
Case Thermal (mm) (°C)
No. conductivity inner Outer | Centerline | Surface T T
r rs T Ty 1778
1 of 0.599 3.301 2230 715 1515
2 fﬂxp 0.627 3.296 2150 750 1400
3 A(p=5.0) 0.613 3.296 2200 750 1450
4 A(p=0.5-7.0) 0.622 3.288 2170 800 1370
5 A (5=0.5) 0.619 3.279 2140 850 1290

thermal data of the analysis of the five cases.

The results of the five cases, presented in Figs. L2-4 and L2-5 as well as in table
L2-1 mainly differ from each other by their radial temperature gradient across the
different fuel regions and by their total temperature increase from fuel surface to
mid pellet. Case 1, representing the reference data of the thermal conductivity A _,,
shows the largest temperature difference. Assuming spherical pores and a cor-
rected thermal conduectivity A", as done in case 5, results in the smallest tempera-
ture difference, as expected. The same tendency is also valid for the fuel centerline
temperatures, whereas the fuel surface temperatures show just the inverse effect.
Caused by the higher expansion the outher pellet radius for case 1 exceeds that of
case 5, resulting in a smaller temperature jump across the fuel-cladding gap. The
other cases, 2 to 4,just lie between these extreme cases 1 and 5.
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1.3. Thermal analysis of a high-burnup LWR-fuel pin

L3.1 Ohjeclive

A thermal analysis of a high-burnup LWR fuel pin was performed with the
SATURN-FS code in order to support the interpretation of the PIE results [L3-1].

1.3.2 Iuel Pin and Irradiation Data

@ Nominal data BOL

- Fueldata
Material
Enrichment
Pellet diameter
Pellet density

- Cladding data
Material
Ouler diameter
Wall thickness

Fuel pin data
Prepressurization
System pressure
Coolant temperature

@ Irradiation data
Local burnup

t U0y 403

1 3.2% U-235

9. 2mm

:10.35 g/em3 = 94% TD

2Zry-4
10,75 mm
(.70 mm

1 2.8 MPa He
:15.5 MPa
1320 0C

: 55900 MWd/t heavy metal (= 5.9% FIMA)

Time averaged linear power: 210 W/ecm

® Nominal fuel pin data EOL
Radial cold gap
- Radial EOL porosity

distribution:

- Enrichment

- Fission gas release

: 10 pm

r/vro = 0.9 : 5% porosity
r/ro > 0.9 : 20% porosity

: 1.38% PuO, (Pu0,/(UO, +Pu0, + fiss. prod.)
0.56% U-235/U

: 2% integral

- Thickness of Zirconia layer on

the cladding surface

: 40 pn,
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I.3.3 Generation of Input Data for the Analysis

¢  (Caleculation of the internal gas pressure and the gas mixture

The burnup of 55900 MWd/t is equivalent to about 5.0 - 102! fiss/em3. Assuming
that the average burnup in the fuel pin is about 2/3 of the peak burnup and consid-
ering a fission gas production coefficient of 0.3 atoms per fission and a fuel inven-
tory of 260 cm? UO, in the pin, the volume of the fission gas produced can be calcu-
lated to about 104 em®. So the 2% released fission gas amounts to 200 cm®, Assum-
ing a plenum volume of 20 cm?, the internal pin pressure is thus increased for 10
bar to 38 bar, related to room temperature, Under operating conditions this pres-
sure will increase to about 80 bar. ‘

Considering thermal neutron flux conditions the Kr/Xe ratio of the fission gas is

1:7. 8o the following gas mixture will exist in the fuel pin:

73% He + Ar
24% Xe
3% Kr.

® (Calculation of the radial power profile in the fuel

The radial power profile (acc. to the flux depression) for the fuel is calculated in
the SATURN-FS code as follows:

i) = at briyert (L3-1)

This formulation, deseribing the fresh fuel conditions could not be used for the
analysis of the high-burnup pin. As PIE shows |L3-1], in the high burnup state
power is mainly generated by the fission of the plutonium, which was generated
by the U-238/Pu-239 conversion. The profile of the radial Pu-concentration typi-
cally shows a very steep gradient in a narrow outer region of the fuel pel-
let (r = 0.9550). The maximum Pu-concentration at the pellet surface is 3.8%

PuO,, the pellet average value is 1.38%.

The relevant radial power profile in the fuel at EOL is shown in Fig. 1.3-1. The rel-
ative average power, according to the experimental data, is 40% of the maximum

value.

In order to deseribe this actual radial power profile, the lollowing approach was

chosen;

pin=a+ b Py o L3-2
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with the boundary conditions:

&b (r‘i] — q): (L3-3)
¢ (r()) =, (L3-4)
i

S (13-5)

The agreement between the average power in the real irradiation and in the caleu-

lation demands {or;

¢:——f'10¢mm~w4 (L3-6)

TR F

Equation [L3-2] can be rearranged with the help of the boundary conditions:

¢MM¢E(”_” ) (L3-7)

Equations [L3-6} and [L3-7] give the relative power at the fuel center related to

the maximum value at the fuel surface:

¢, = 0,375 (L3-8)

Thisis a SATURN-FS input value. Fig. L3-1 shows, that the radial power profile
curve, asitistaken for the analysisis in good agreement with the measured val-

ues.

®  Determination of the temperature increase on the cladding surface by the zir-

conia layer

Taking into consideration a zirconia layer with a thickness of 40 pym and athermal

conductivity of zirconia of 2 W/em - K), the following values are generated:

‘The temperature increase by thermal conductance is generally:

_ (L3-9)

& "y
At — - fnl — )
2 A r

!
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with
¢¢ = Linear powerin W/m
A = Thermal conductivity in {W/m -K)
ry =  Outer radius of the layer
r[ — Inner » 134 »” ”

The temperature increase was determined for several power levels, So, at 20
k'W/m there was a temperature increase on the cladding surface of 12 K, 28 kW/m
generated an increase of 16.5 K. These rather small increases in temperature
shall be treated as a ficticious increase of the coolant temperature. So the calcula-
tions will be performed with a coolant temperature of 334 °C.

®  Radial porosity profile

In order to take into account a radial porosity profile even as a starting condition
of a computer analysis, the input routine for the as-fabricated pellet porosity was
changed for this special purpose. The porosity profile, as it is used for the actual

analysis is shown in Fig. L3-2.
®  Burnup influence on the thermal conductivity of the fuel

It is known that solid fission products in the fuel matrix decrease the thermal con-
ductivity { L3-2], [L3-3]. These facts can be quantified as follows:

IF'or 10% burnup and 1000 K there is a decrease in fuel temperature conductivity of
28%.

For 10% burnup and 2000 K the decrease in fuel thermal conductivity is 19%.

Based on these data a linear interpolation was done so that the influence of the
solid fission products on the thermal conductivity of the fuel can be described as

follows;

A, =X [1.0-FIMA- (3456 -9.02 107 - T}] (I.3-10)
with

A, = thermal conductivity with burnup correction

'y = thermal conductivity without burnup correction

FIMA = burnup

T = fuel temperature [*C].
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The relation (L.3-10) shall be valid for temperatures = 2000 °C. At higher tempera-
tures the fission products more and more go into solution in the fuel matrix.

The above equation (L.3-10) is implemented into the SATURN-FS code and here
into the subroutine WLAMB, describing the thermal conductivity of the fuel. The

expression is treated as an additional correction term,

o, = 10-FIMA (3456 -9.02 10" T) (LL3-11)
for 20°C < T =2000°C: A=A [ (L3-12)
for 1 > 2000°C: A=A (L3-13)

To show the effect of the burnup correction of the fuel thermal conductivity. Fig.
L3-3 shows the fuel centerline temperatures for a typical FBR fuel pin with and
without the correction term of the thermal conductivity. As anticipated, the tem-
perature difference increases with increasing burnup and at about 7% burnup it

amounts up to about 130 K.

L3.4 Results of Thermal Analysis

The results of the thermal analysis of the high-burnup LWR fuel pin are given as
radial temperature profiles in Fig. L3-4. Besides the analysis fora linear power
of 21 kW/m two more analyses were performed for higher (256 kW/m) and lower
{156 kW/m) linear powers (see Fig. L3-4). So it is possible to estimate the influence
of the power level on the actual temperature profile. Obvicusly, an increase in lin-
ear power for about 5 KW/m results in an increase of the centerline fuel tempera-
ture for about 200 K for the high-burnup pin considered here. For the average
power level of 21 kW/m a fuel centerline temperature of 1175 °C was calculated.
'The 15 kW/m resulted in 910 °C and the 25 kW/m in 1389 *C. Table 1.3-2 lists the
contributions of temperature raises which finally result in the fuel centerline tem-

perature,

The lower temperature increase between cladding and fuel for 21 kW/m compared
to 15 kW/m and 25 kW/m is caused by an improved heat transfer by reduction of
the fuel-cladding gap.

The radial profiles of the fuel temperature show steep gradienis in an outer ring
withr = 0.8 'r_(see Fig. 1.3-4). This is caused by the radial profiles of the porosity
and of the power. While the high porosity in the outer ring (see Fig. L.3-2) reduces
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Table L3-2; Contributions of temperature raises resulting in the fuel centerline

temperature

Linear power [kW/m] 15 21 25
AT by heat transfer
coolant-cladding (K] 7 10 12
AT by
zirconia layer [K] 14 14 14
AT by heat conductance
in the cladding [K] 20 28 33
AT by heat transfer
cladding-fuel (K] 50 36 47
AT in the fuel (K] 499 767 963

markedly the fuel thermal conductivity, it can be seen from the radial power dis-
tribution (see Fig. L3-1) that about 50% of the heat production also takes place in

the outer fuel region.

L3.5 Summary and Conclusiong

The analyses performed here with high burnup LWR pin fit well within the P1E-
results [L3-1]. Furthermore the flexibility of the SATURN-FS code could be
shown. As it was demonstrated, with SATURN-FS also problems can be analyzed,
which are besides main field of application of this code.
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L4. Designing the KNK II-TOAST Irradiation Experiment,

L4.1 Introduction

The development of hypostoichiometric (U,Pu) mixed oxide fuels for Fast Breeder
Reactors (FBRs) proceeded to the new fuel types of high density and - with respect
to reprocessing - of good solubility [L4-1] - [L4-4]. During the last recent years in-
vestigations on structure and properties of these fuel types as well as modelling
calculations of their operational behaviour have been performed.

In order to optimize the fabrication process of the fuel pins, aiming at a high qual-

ity product and reasonable fabrication efforts and, furthermore, to investigate the

influence of extreme values of some important fuel pin design parameters, such as
fuel stoichiometry,

- pellet diameter,

- purity of the backfill gas, and

- sintering atmosphere,

and their combinations on the operational behaviour of fuel pins, the TOAST irra-

diation experiment will be performed in the Karlsruhe KNK II reactor. The

TOAST experiment - TOlerance Augmentation STudy - has the following main ob-

jectives:

- T'o study the existing fuel specifications with respect to tolerable fabrication
tolerances under the aspect of fabrication cost reduction.

- To have an experimental proof of acceptable fabrication tolerances.
- To reduce the effort of fabrication and quality control.

Furthermore, from a fuel modelling point of view, the design calculations, which
had to be performed for the TOAST experiment, gave a nearly unique opportunity
to get the computer code, which is used for the calculations, thoroughly tested. An
analysis for a series of fuel pins with a field of different design parameters is car-
ried out. This analysis has to prove that not only the result of one single modelled
fuel pin type, but also the results of all calculated cases must be acceptable, and fit
into a pattern, which can be interpreted considering the influence of the single pa-

rameters and their combinations.




- 184-

L4.2 Design Aspects for the Irradiation Test

L4.2.1 Definition of the Test Parameters

The objective of the irradiation test is to show, that there may be allowable in-

crease in the tolerances of certain fabrication parameters as compared with those

which must be met due to current specifications.

The verification of this increase in production tolerances will lead to a reduction of

the efforts needed in fabrication and in quality control procedures.

The parameters, taken into account in the irradiation experiment, are as follows:

Pellet diameter

Net shape sintering will claim for an enlargement of diameter tolerances. So
there will be an investigation of two pellel versions, one with a 100 pm
smaller and one with a 100 pm larger diameter compared with the nominal
value of the current standard FBR pellet. This tolerance will sufficiently en-
close the possible dimensional variations of the sintered pellets.

Purity of the backfill gas

The heat transport across the gap between fuel pellets and cladding is deter-
mined by the composition of the filling gas. In order to investigate the influ-
ence of the amount of impurities in the backfill gas, normally consisting of
nearly pure He, the He-contents will be reduced from values > 95 %, as used
as a standard, to a composition of 50 % Ie/50 % Ar in one of the experimental

versions.

Fuel stoichiometry

Due to the fabrication process low-stoichiometry fuel can be fabricated, with
O/M ratios markedly below the reference value of 1.97. So it will make sense
to fabricate and to investigate an experimental fuel version with a very low
O/M-ratio of 1.93. This will result in a clear reduction of the fuel thermal

conductivity.

Out of all possible combinations of the above mentioned parameters those combi-

nations were selected, which are anticipated to give the most interesting results

regarding the thermal fuel pin behaviour, i.e. fuel temperatures and structures, as

well ag the mechanical behaviour, e.g. cladding stresses and strains. The test ma-

trix of the irradiation experiment is shown in Table L.4-1.
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Table 1L4-1;: Irradiation test matrix

Pin type Fuel diameter| O/M-ratio Backfill gas
P1S1F1 d- 100 pm 1.93 > 95 % He
P151 F2 " 1.93 50 % He/50 % Ar
P152F1 " 1.97 > 95 % He
P152F2 ” 1.97 50 % He/50 % Ar
P2 S1 Fi d + 100 pm 1.93 > 95 % He
P2 51 F2 7 1.93 50 % He/50 % Ar
P2 32 F1 ? 1.97 > 95 % He
P2 S2 F2 ” 1,97 50 % He/60 % Ar
d = 6.37 mm

The names of the pin types, as given in Table L.4-1 and as used further in the re-
port, refer to their characteristics as follows: the letter P characterizes the pellet,
P1 is the small-diameter, P2 is the large-diameter pellet. S means Sintering, 81 is
sintering to low, S2 is sintering to the higher oxygen-to-metal ratio. F describes
the Fill gas in the pin, F1 is the low fill gas contamination (i.e. 10 % Ar, 90 % He)
and F2 the high fill gas contamination (50 % Ar, 50 % He).

1.4.2.2 Experimental Description

The TOAST experiment was planned to be performed in the 3rd core of the KNK
II-reactor. A special ring fuel assembly [L4-5] should be mounted into the reactor
core, see Fig, L4-1, carrying a 19-pin reloadable subassembly in its center, as it is
shown in Fig. L4-2, making it possible o perform the TOAST-irradiation as a two-
step experiment. The first 19-pin subassembly was to be inserted to study the fuel
pin behaviour at the beginning of irradiation (BOL). The irradiation time for this
"BOL-bundle” was planned to be about 70 equivalent full power days (EFPDs),

After the removal of the BOL-bundle, the second part of the experiment should be
run. Plannesd as a long-time irradiation, another 19-pin subassembly, the "EOL-
bundle”, should stay in the reactor for 650 EFPDs or up to about 6 - 7 % burnup, so
giving information on the behaviour of the test fuel pins during medium to high

burnups.
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14.2.3 Design Criteria

The design and licensing procedure of the irradiation experiment was done accord-
ing to the general licensing path as used for normal power reactor fuel elements.
Regarding the fuel pin, it must be shown by the désign calculations that several
criteria concerning the operational safety are met. The most important criteria

are;

- It must be shown that no fuel melting will occur during operation, The melt-
ing temperature of U,Pu-mixed oxides depends on Pu-content, O/M-ratio and
on the content of soluble fission product phases in the fuel matrix [L4-6] -
[L4-10). The latter effect is mainly governed by burnup. It is required that
the highest possible fuel temperature is sufficiently lower than the solidus
temperature. Concerning, for example, the fuel with an O/M-ratio of 1,93,
the solidus temperature for fresh fuel is about 2660 °C, which is reduced dur-
ing irradiation down to about 2600 °C.

- It has to be shown that no cladding failure will occur during irradiation. This
means that safety margins concerning cladding stresses and strains have to
be met, for steady state irradiation as well as for defined instationary states,
such as startup ramps, cyclic loading, overpower ramps etc. as they are an-

ticipated during normal operation.

L4.3 Operation Conditions

L.4.3.1 Steady State Operation

The axial power profile for the TOAST-pins as well as the axial coolant profile un-
der reactor nominal conditions are shown in Fig, [.4-3. Maximum linear powers,
burnups and temperatures for the fuel pinsin the BOL- and EOL-bundle are given
in Table L4-2. Due to reactor core characteristics, the linear power values are
somewhat higher when the BOL bundle is replaced after 70 EFPDs by the EOL-
bundle. Furthermore, the fuel pins containing the large diameter pellets show an
about 6 % higher linear power than the pins with the small diameter fuel, the val-
ues of the latter are given in brackets in Table L4-2. During irradiation the power
decreases slightly. The power values representing the end of the irradiation for
each bundle are also given in Table L4-2. As can be seen there is nearly no de-
crease of power for the BOL-bundle, whereas in the EOL-bundle the linear power

decreases {or about 4 % during operation.
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Table L4-2: Operation conditions (nominal)

BOL-bundle EOTL-bundle

OEFPDs |70EFPDs |0 EFPDs 650 EFPDs
Max. Linear Power (W/em) | 426 (400) | 425 (399) | 432 (406) | 414 (390)
Burnup (MWd/kgM) 0 10 0 86 (84)
Neutron Dose (dpa) 0 ) 0 41
Coolant
- Inlet Temperature (°C) 360 360 360 360
- Outlet-Temperature(°C) 606 606 606 607
Cladding
Midwall Temperature (°C) 620 620 623 621

Taking into account the statistical analysis of uncertainty with respect to local
linear power and coolant temperature, power and coolant temperature values can
be calculated, which represent the "worst case” or "design” conditions. It has to be
shown by the design calculations that even under these assumptions the fuel pins
would not fail. The characteristic data for the power history under design condi-
tions are shown in Table 1.4-3 for the fuel pins in the EOL-bundle, having the

Table 1.4-3: Operation conditions (worst case) for EOL-bundle

Pellet Diameter 6.27 mm 6.47 mm
Irradiation time ({E¥PDs) 0 650 0 650
Mazx, linear power (W/em) 448 432 476 460
Burnup (MWd/kgM) 0 94 0 96
Coolant
-Inlet temperature (°C) 360 360 360 360
- Outlet temperature (°C) 666 666 666 666
Cladding
Midwall temperature (°C) 685 685 685 685

higher power of the two bundles. Also, the different data are shown for the pin
types with different fuel diameters. 1t can be seen that the maximum linear power
for the types with large diameter fuel is 476 W/cm, This is a 10 % higher power
than under nominal conditions and represents a margin of 2.6 0. (o is the stan-

dard deviation for the uncertainty of local power,)
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The design condition for the coolant temperature profile is defined by assuming
that the maximum tolerable cladding midwall temperatures of 685 °C will be
reached at the upper end of the fissile column, This assumption represents a mar-
gin of more than 4 o (o is the standard deviation for the uncertainty of the coolant

temperature.)

1.4.3.2 Operational Transients

Begides the steady stale operation, power ramps and overpower transients have to
be taken into account within the frame of the design calculations. It has to be
shown that the fuel pins would not fail during these design transients.

In detail, the following transient operation conditions have to be analyzed:

- The startup ramp
During startup the fuel pin is ramped slowly Lo nominal power with several
conditioning steps, in order to get a reduction of early stress peaks, the

growth of the central void and fuel restructuring,.

- Ramp after low power operation at EOL
At EOL a low power operation period of 30 days at 30 % power has to be tak-
en into consideration, followed by a siepwise ramp up to nominal power. The
ramp rate is 10 % per minute up to 60 % power, then 1 % per minute up to 85
%, followed by a conditioning step at this power level, Then the fuel pin is
ramped up to nominal power with a ramp rate of 1 % per minute.

- Overpower ramp
At BOL and at EOL a 100 % to 112 % overpower ramp has to be modelled

with a ramp rate of 1 % per second.

[.4.4 Resultsof the Analyses

L4.4.1Thermal Analysis

@ Thermal behaviour under nominal conditions

The nominal power history, including the steady state operation and the 12 %
overpower ramps at BOL and EOL, is given in Fig. L4-4. This power history repre-
sents the peak power nodes of the {uel pins. In the following, the presentation of

the influence of the design parameters on fuel pin behaviour and the comparison
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of the different fuel types wiil mainly be limited to the consideration of the peak
power nodes as this is generally the most interesting part of the fuel pin.

Influence of Lthe fuel diameter

The influence of the different pellet diameters on fuel centerline and surface tem-
peratures can be seen by comparing Figs. L4-5 and L4-6. So, the pin types, which
have initially the smaller pellet diameter, have generally lower temperatures
than the other ones. This is caused mainly by the facts that the larger diameter
leads to a higher linear power and may show less radial relocation, a smaller cen-
tral void and so higher centerline temperatures. The comparison of the fuel sur-
face temperatures for the pins with small-diameter (P1-types) and large-diameter
fuel (P2-types) (see Figs. L4-5 and L4-6), demonstrates that at BOL the fuel with
the larger diameter shows lower surface temperatures. This is because of the
smaller gap between fuel and cladding which leads to an increased gap conduc-

tance,

Referring to the gap conductance, it can clearly be seen from Fig. L4-7 that in the
first part of the irradiation time there is an increase of the gap conductance for the
pin types containing the fuel with small diameter (P1-types), whereas the versions
with the large-diameter fuel (P2-types) start at high gap conductance values, but
they show a fast decrease,

Influence of the backfill gas

The reduction of the He-amount in the backfill gas from 90 % to 50 % results in an
increase of the fuel surface temperature of about 6 %, see Figs. L.4-5 and L4-6. For
longer irradiation times the different amount of He in the backfill gas is the only
reason for the differences between all the 8 versions investigated in the current,

study, concerning the gap conductance (Fig, L4-7).

And, as can also be seen from Fig. L4-7, the influence of the initial backfill gas
composition on the gap conductance clearly diminishes up Lo the end of irradia-

tion.

The comparison of the curves in Figs. L4-5 and 1.4-6 demonstrates, that there is
generally no major influence of the back{ill gas composition on the fuel centerline
temperatures for the Pl-versions at irradiation times longer than about 100
EFPDs. But a major influence exists for the P2-versions, containing the pellets

with the large diameter.




Influence of the fabrication gtoichiometry

The influence of the fabrication stoichiometry on the fuel centerline temperature
is shown in Fig. L4-5 for the P1 pins with small-diameter fuel and in Fig. L4-6 for
the P2 types with large-diameter fuel. These figures show that the low O/M ratio
results in an increase of the fuel centerline temperature of about 8 %. The shift of
the radial O/M profiles for both cases during operation is given, for example, in
Fig. L4-8 for the P1 types with small-diameter fuel. The general increase of the
O/M ratio during irradiation can clearly be seen as well as some saturation effects
in the cold outer fuel zones of the S2 pins with high-O/M fuel at late-in-life opera-

fion,

There is also an influence of the initial O/M ratio on the radial Pu-profile. Presum-
ably this could be a more indirect effect, which is controlled by different radial
temperature profiles. In Fig. L.4-9 two radial Pu-profiles, for fuel with high and

low initial stoichiometry are plotted versus the irradiation time.

As expected, the fuel with low initial stoichiometry, which has higher tempera-
tures and higher temperature gradients, also shows the steeper gradients in the
radial Pu-profile and the higher enrichment at the central void.

® Thermal behaviour under design conditions

The power history at the peak power nodes for the design or "worst case” condi-
tions is given in Fig, L4-10 for the pins with the two different fuel diameters. Only
the pin vergions P181F2 and P2S1F2 will be considered unter the design condi-
tions. They both represent the fuel with low stoichiometry and the pins with only
50 % He in the backfill gas and differ only by the pellet diameter. For nominal con-

ditions these versions showed the highest temperatures for their diameter class.

The results of the analyses of the fuel centerline and surface temperatures during
the irradiation time of these (wo cases are shown in Fig. L4-11. It can clearly be
seen, that, similar as for nominal conditions, the pin type which contains the large
diameter fuel has the higher temperatures. The difference in the centerline tem-
perature is about 8 %, Whereas a steep temperature drop appears after comple-
tion of the startup ramp at BOL for the P1-version with the small-diameter fuel,
the P2-version, containing the large diameter fuel, does nearly not show this ef-
fect. As the gap is already closed during the startup ramp for the P2-version, the
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temperature tends to increase from the beginning of the full power operation. For
the pin type with the large fuel diameter the highest centerline temperature,
about 2500 °C is calculated at EOL. A comparison with the fuel solidus tempera-
ture for the same burnup, which lies at about 2600 °C, shows that the analyzed
maximum fuel temperature is well below the melting region.

The radial temperature profiles of the fuel pins at BOL (Fig. L4-12) and at EQOL
after 650 EFPDs (Fig. L4-13) demonstrate that at BOL the surface temperature of
the P1-version is higher than that of the P2-version, because the gap is not yet
closed for the P1-version. In spite of this effect the centerline temperature of the
P1-version is lower than that of the P2-type, caused by a larger central void and a
lower linear power. At EGL, the fuel surface conditions are nearly the same for
both cases, caused by gap closure for the small diameter fuel as well as by Xe- and
Kr-poisoning of the gas mixture in the gap. And as the difference of the central
voids of the two versions is less pronounced al EOL than at BOL, the generally
higher fuel temperature of the P2-version can be related to the higher power and
the different O/M- and U/Pu-redistribution effects, as already mentioned, when

considering nominal irradiation conditions.

[.4.4.2 Mechanical Analysis

@ Mechanical behaviour under nominal condilions

Contact pressure and generalized cladding stress

Mainly, two representative fuel pin types will be presented and discussed here, the
type P151F2 for the pins with small-diameter fuel, and the type P251F2 for those

with large-diameter fuel.

They both show the highest thermal loads for their diameter class, see Figs. 1.4-5
and L4-6. The mechanical loads on the cladding are rather similar within each di-
ameter class. It is obvious, and the calculations show, that the large-diameter ver-
sion causes higher stresses than the small-diameter version. During irradiation,
there is a change in the axial location of the maximum generealized cladding
siress, see Iig. L4-14. At BOL the stress peaks coincide roughly with peak power,
but at EOL there is a clear stress maximum at the Jower end of the fuel column,
where stresses cannot be reduced due to the rather low cladding temperature,
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It should be mentioned that the axial stress profiles, shown in Fig. L4-14, are cal-
culated without running the 12 %-overpower ramp after 5 EFPDs,

The change of generalized cladding stress during the irradiation will be discussed
for the peak power position, allowing comparison to the thermal analysis.

The greatest difference in the mechanical behaviour of the two pin versions con-
sidered is the onset and the amount of the contact pressure, Fig. 1.4-15 represents
the calculated values for the contact pressure between fuel and cladding for the
pin versions P1S1F2 and P2S1F2 for nominal operation conditions with and with-
out the 12 %-overpower ramp after 5 EFPDs. Referring to the power history with-
out, the overpower ramp, the pin type with the small-diameter fuel has no contact
pressure before about 2560 EFPDs, whereas the maximum contact pressure for the
large-diameter fuel occurs just after the startup ramp, This value is reduced with-
in short time because of creep effects. After reaching the minimum, the contact
pressure increases again caused by fuel swelling effects. The increase rates are
nearly the same for both diameter types.

Concerning the overpower ramp early in life irreversible mechanisms occur
(IFig. L4-15) in the small-diameter and the large-diameter fuel. They lead for the
P151T2 fuel pin type to an earlier onset of contact and for the P251F2 version to a
contact pressure which is about twice as high as without the overpower ramp.
Similar to the contact pressure is the development of the generalized cladding
stress during irradiation time, see Iig. L4-16. Apparently, the large-diameter
types have the higher stresses, the slopes of which after the minimum at about 100
EFPDs are parallel to that for the small-diameter versions, The general result is
that the highest cladding stresses are generated in the P251F2-pin version, which
also undergoes the highest thermal loads.

The increase of the cladding stress during operation is caused by fuel swelling and
the buildup of fission gas pressure. The peak stresses for all fuel pin types occur
during the 12 %-overpower ramp at EOL, but the calculated stress values lie well
below tolerable values. The yield stress for the cladding material at the present
conditions is about 500 MPa.

Tangential cladding stress

Interesting aspects follow from the evaluation of the cladding tangential stress
distribution across the wall thickness and its change during irradiation, as given
in Figs. 1.4-17 and 1.4-18, Fig. 1.4-17 shows the stress distribution for the first 50
days at full power. During this time, the tangential stress distribution is deter-
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mined by thermal stresses, negative at the cladding inner surface and positive at
the outer surface. For the large-diameter (P2) version, a contact stress component
is added to the symmetric stress pattern with the neutral zone in the mid of the
cladding, as it was calculated for the small-diameter (P1) version. Further devel-
opment of the langential stress pattern at higher irradiation time reveals a transi-
tion from the thermal stress configuration to a pressure vessel stress distribution,
with tangential stresses all positive, the maximum values being at the inner elad-
ding surface. This development is made visible in Fig, 1.4-18. The change in the
stress distribution is caused by the reduction of initially existent thermal stresses
by creep effects and later on by the buildup of fission gas and contact pressure.
Comparing the radial profiles of the tangential stresses for all 8 fuel pin types just
after completion of the startup ramp, it can be demonstrated (see Fig. 1.4-19) that
7 of the 8 versions exhibit nearly similar profiles. Only the version P2511'2 has re-
markably higher stresses. Nevertheless, the slopes of the stress profiles are nearly

the same for all 8 pin types.

Stresses induced during ramp-up at EOL

After a 30 day operation at a 30 % power level at EOL an increased mechanical in-
teraction between fuel and cladding (PCI) oceurs during ramp-up to nominal pow-
er. For short times peak stresses of about 150 MPa for the P1S1F2 version and of
250 MPa for the P251F2 version (see Fig. L4-20) are reached. But even these val-
ues, representing the highest stress loads calculated during the whole analysis, lie

well below tolerable values.

® Mechanical behaviour under design conditions

The axial profiles of the generalized cladding stresses under design conditions at
BOL just after completion of the startup ramp and after 5 EFPDs as well as at,
EOL after 650 EFPDs are shown in Figs. L4-21 and L4-22. The stresses at BOL do
not differ significantly from those calculated for nominal conditions, Also, the axi-
al locations for the peak stresses coincide again with Lthe peak power node. Signifi-
cantly different stresses have been calculated for KOL conditions. Not only the ab-
solute siress values are lower for desipn conditions than for nominal conditions,
but also the shapes of the axial profiles are different. Under design conditions the
stress maximum coincides with the power maximum in contrast to nominal condi-
tions. The reason for this and the generally lower siress values is the fact, that at
the higher coolant temperatures as they exist under design conditions, thermally
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activated processes, such as creep and stress relaxation, can proceed faster result-
ing in stress reduction.

L4.5 Considering the Reliability of the Calculated Results

Based on irradiation experience and literature data, the linear power, which
causes fuel melting, can be determined by evaluation of the fuel conductivity inte-
gral up to melting [(L4-11, L4-12],

4n
Qme.it = _["_ - JkdT (L4-1)
with
frdT = conductivity integral up to melting in W/ecm
I =  geometry factor, depending on pellet inner and outer radius

Qe = power-to-melt in W/em,

The [kdT-values are hereby known from the material data base, see e.g. [L4-13,
L4-14].

Using this method, the power-to-melt values for the P1S1F2 version have been de-
termined for BOL and EOL (Table 1.4-4). They are 633 W/em at BOL and 559

Table 1.4-4: Fuel melting criterion and max. tolerable power
P1S1F2 P2S1F2
BOL FOL BOL, EOL
Power to melt (W/em) 633 559 590 521
Max. tolerable power (W/em) 5656 499 527 465
Max. linear power (W/em) 406 390 432 414
3 0-confidence of uncertainty 1.13 1.14 1.13 1.14
Confidence level >80 >60 490 270
Confidence level (%) > 999 > 99.9 > 999 99.65

W/em al EQL. The P251F2 type values are 590 W/em at BOL and 521 W/em at
EOL. In Table 4 also the maximum tolerable power levels, which are set 12 % be-
low the melt limit, are presented. The comparison of these levels with the maxi-
mum nominal linear power levels demonstrates, based on the results of the statis-
tical analysis of the uncertainty of the linear power, that melting of the TOAST
pinsis excluded with a high confidence level.



In order to test the results of the design calculations done so far with the
SATURN-FS code, a "fuel melt” calculation was performed for the two pin types
mentioned above. For this analysis the following conditions were used: after the
normal TOAST startup ramp an additional very slow ramp was run. The ramp
rate was as slow as 10 W/{ecm-h) up to high power levels. Comparison with the so-
lidus temperatures from the materials data base showed, that the P151F2 pin type
reached the solidus temperature at 630 W/em and the P251F2 type at 530 W/em
(see Fig, L4-23). Comparing these resulls to those of the [kdT-method gives a very
good agreement (see also Table L4-4).

In addition several characteristic events can be identified from Fig. L4-23. The
holding time during the startup ramp is accompanied by a temperature decrease
of the pin type with the small-diameter fuel, but not with that containing the
large-diameter fuel, as this has already closed the gap at a lower power level.
After completion of the startup ramp, the temperature decreases slightly for the
P1S1F2 version, also caused by gap closure. Hard contact between fuel and clad-
ding occurs already during the startup ramp for the P2581F2 pin type, but not be-
fore about 600 W/cm for he P1S1F2 pin version.

1.4.6 Conclusions

A fuel modelling study was performed as part of the designing and licensing
phase of an irradiation experiment, The objectives of this experiment are to inves-
tigate the influence of extended tolerances of certain fabrication parameters on
the operational behaviour of FBR fuel pins. The investigated parameters are the
pellet diameter, the O/M-ratio of the fuel, and the composition of the backfill gas.

The caleulations yielded the following results:

The thermal performance of the fuel pin is influenced by the composition of the
backfill gas via the gap conductance. The reduction of the He-content in the back-
fill gas from 95 % down to 50 % results in an about 12 % reduction of the gap con-
ductance. The difference in gap conductance between high- and low-He-containing

pins becomes smaller during irradiation by fission gas release.

The reduction of the O/M-ratio from the 1.97 standard value down to 1.93 will
cause a delerioration of the fuel thermal conductivity and, so, lead to higher fuel
centerline temperatures, In the analyzed case the temperature inerease was about
8 %. Anolher parameter, which causes higher fuel centerline temperature is the

increase of the pellet diameter, Although there is an early gap closure and an im-
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proved heat transfer from the pellet to the cladding, leading to a temperature de-
crease, this effect is more than counterbalanced by the following mechanisms:

- Early gap closure results in a cold outer pellet ring, hindering pore migra-
tion and crack healing. Radial fuel relocation is also less than for "large gap”
pins. This results in a smaller central void accompanied by higher centerline

temperatures.

- Larger pellet diameters result in higher linear power provided that the neu-

tron flux is unchanged.

The combination of the parameter variations can partially lead to the compensa-
tion or even an inversion of the single effects. This fact, e.g., exists when the small
diameter is combined with high O/M (= good thermal conductivity) and 95 % He
in the gap (= good gap conductance). In this case, at start of operation, fuel re-
structuring and relocation will not take place to the same amount as for the "hot-
ter” fuel of other combinations. The fuel temperatures in this case will, for a cer-
tain time, exceed those of the others, until the restructuring and relocation phase
will be completed. Generally, the highest fuel centerline temperature is reached
with the combination of fuel with low O/M-ratio, large diameter and only 50 % He
in the backfill gas. However, the maximum fuel temperature lies well below the

melting region.

The mechanical performance of the fuel pin variations studied here is mainly in-
fluenced by the pellet diameter. The pin type with large-diameter fuel has consid-
erably higher cladding stresses, Peak stresses occurring at the start of
steady-state operation, just after completion of the startup ramp, are quickly re-
duced. A stress increase occurring at higher burnups can be related to contact and
fission gas pressure buildup. The pin version with "large diameter/low O/M-" fuel
and 50 % He in the backfill gas has the highest cladding stresses, but even these
are still far below any safety limits.

Regarding the influence of the combination of all the investigated fabrication pa-
rameters and their changes, the conclusion can be drawn that the fabrication stan-
dards for FBR fuel pins may be reduced within the limits treated in the modelling
study withoul a deterioration of the operational behaviour.

The following statements, concerning the application of the SATURN-FS code can

bhe made:
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- The results, which were gained for the analyzed fuel pin versions are consis-

tent.
- The calculated power-to-melt is in good agreement with the values deduced

by the [kdT-method.
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ANNEX 1;

Description of all COMMON-Variables
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¥ N . ) . IMauk atic

FORTRAN-Nume ¢ OI\[;T‘TB Description IDimension al:(;f:t‘i‘:::'al
ATIRVEB (3, 1K PORMAS part ol the elements flexibility due to swelling-eftects of fuel 1AY iy bk
ATIRVEL (3, IED PORMAZ purt of the elements lexibility due w sweling-effects of cladding T
AINEVB (3, IER) PLASAL veetor of non-clastic lexibilities of the fuel-elements B (AL 1k
AINEVH 3, 1Bl | PLASAL vector of non-elastic floxibilities of the cladding-elements ne
AZIRMB {3.31ERY | PORMAZ fuel partial lexibility due to srradiatiom and porosity influence [AZ o]k
AZIRMILGLS,IEH) | PORMAS | (in case of cladding = 0) e
AZNEMB (3,3,1EB) | PLASAI matrix of stress-induced non-elastie fuel-{lexibilities (A% o)k
AZNEMI (3,3EH) | PLASA1 | matrix of stress-induced non-elastic cladding-flexibilities e
AFISSSUEB) FISGAT fisgion gas production coetiicient moles/liss A
AGE (IRB) GREOFAL gepmelric tu_ct.nr for fuel temperature and power distribution 3 Al

(el BGIY, DGF)
AKRIKB) FISGAL }{r—purtf(m ui)pmduuud tlsSfoal gas B i
AXEAIER) Xe-purtion of produced fission gas
ALFATUGAS) XIN1A4 accomodation coetlicients gas Auel (INITY al j
ALFA2 IGAS) XINTA4 accomodation cosllicients gas Aladding (INET1) a2j
ALFABIER) MATBAI linear thermal expansion coefficient of fuel 1I/K O th
ALFAIL(EH) MATHIAL tinear thermal expansion coefficient of cladding /K a
AMB 38 ASSAL Matrix of the tolal stress induced flexibitity fuel |ABB)
AMEL(3,3) ASSAL Matrix of the total stress induced flexibility cladding {A il
AMMICTO THEDAZ mole mass ol the fuel metal portions Mol M et
AMOXRO THIDAZ maie mass of Lhe fuel oxide porlions & Moy
AMPLUO XINLAL isplopic mass Pu-240 (INITD
AMPUIL XINTAL isotopic mass Pu-241 (INITD)
AMPU2Z XINIAL isotopic mass Pu-242 (INITD g/Mol -
AMPUS XIN1AL isotopic mass Pu-238 (INIT1)
AMPU9 XINIAL isotopic mass Pu-239 (INIThH
AMUBS XINTAL isotopie muss U-235 (INITD) oMol
AMUSB XINTA1 isolopic mags (7-238 (INITD
ANEVE G, 1EB) ANEAL flexibility matrix of the non-elastic strain fuel {A Lo}k
ANEVH {3, 1EH) ANEAL flexibiliLy matrix of the non elastic strain cladding ne
ANVTMBIB IEB) | PLASAZ |

} auxiliary value: product of {A e b 1A po )T -- -
ANVTMUI3,3IEH) | PLASA2
ATLHIVE (3, TEB) ATHAL Nexibility vector ol the Lhermul expansion fuel (A} ¥
ATIHVH (3, 1K ATIHAL flexibility vector of the thernul expunﬁum duddmb th
ATUVHE 4, L) ALSAZ auxiliary value: thermal flexibility of Lbe structure when adding ) IA (1) K }
ATUVIH A IEID ASSAL the k th element to the element k-1 ) L
ATV LD ASSAL veetor of the total thermal Dexibilivy of {uel (At
ATVILGEH ASBAL vector of the total thermal Aexibility of claddiog It
AUMB (4.4, 1151 ABSAL auxilinry value: stress-induced flexibility of the struciure when 1A }
AUMITI4 .4, 18HD ASSAZ adding the k “th slement to the element k-1 -1y k
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b - - . . _|Math i
FORTRAN-Name LO&&SN Description I'"me“s"’“ a'l];‘)?;:tlia(\)t:]cal
AVOLUEDR THEDAI1 atomic veiume em3/Atom v
BI1VE (3,IEB) STIMAL auxiiiary value or the ealeculation of thermal element stiffness tor| ) 1B
BIVII (3,111, STIMAL fuel and cladding 1
B2MB (3 3,JEB) STIMAZ auxiliary value lor the caleulution of the stress induced element B )
B2MH (3,2,1EH} STIMAZ stiffhess for fuel and cladding
RESMB (3,3,IEB) STIMA?Z2 matrix of stress-induced fuel-elements “stiffness B ael k
BESMH (3 3,IEH) | STIMAZ matrix of stresg-induced ciadding-elements ‘stiflness €8
BETVB {3, 1ER) STIMAL veclar of stress-induced {uel-element stiffness (B ok
BETVH (3, [EID STIMA1 vector of stress-induced cludding-element stitiness sl
BGI (IRB) CROFAL gfi(}li'!(}l,rl(,' laci:or for the analysis ol fuel Ltemperature. and power By
distribuion ef. AGE, DGE)
BMB (3,3} ASSA1 matrix of total stress-induced fuel stiffness |B Rl
BMIT (3,3) ASSAI1 matrix ol total stress-induced cladding stifiness IBygul
BPORKG (K(G) XXXI7 cosfficiont deseribing the relution bolween amount ol pores and
. - b poc
temperature (ENPUT)
BREL XXXI15 factor for gas release deseription INPUT) - B
BTVB 3 ASSAI vector nf' the total thermal fuel-stidfness - B Bt
BTVH (3) ASBAL vector of the toral thermal cladding-stiffness -- {B 1}
BU UMRA1 burnup at the end of @ computing interval or at "TIMEDT” MwWd/rkg M iy
raspectively (OUTPUT)
BUIFAK UMRAZ eonversion factor for buroup calealation %;{g -
CB@E3 CMAL trangter matrix for calenlation of external forces Gl
CH3.3y CMAL [Chl
CDIRIS UKL PLIATL concentralion of fissile fuelasolopes (IPu + NI -
CE 3.4 CMAL matrix for Lhe calcutation of the clement displucment rate (¢ e]
CEEDB (3,3,1L3) CMILAL matrix to caleulate fuel element displacements
(large detlection theory)
CEEH (33,181 CM1AL muatrix Lo caleulate cladding cltement displucements [C ool k
Harge deflection theory)
CEM13.4) CMAL coefficient matrix for assembling the structure [C ).y
CONUGAS) PCOALS gas mixlure 1o the gap (ses INPU'T N
tOUTPUTIE, AR KR, XE, N
GPUGAS) XIN{AS specific heat of the particular gas-components (INI'E1) JAg-K) £ D
CPROB (IEH) COMPAY | approach 1o wolerable cladding load tOUTPUT) -
CPROBP HEH} CORPA rate of approach to tolerable cladding load i/h --
CPU KD PUPDAE fuel edements ~ Pu-concentration < INIT, QUTPU'T) - C pu
CUEB) PUPDAIL fuel eiements ~ U-concentration (INIT? Cu
CPUPLSAED PUMAI purtion ol fissile Pu-isotopes in wial PadINIET) N Jpu e
CURISHE PUMAII portion of Nssie U-isotopes in totat U (INI'TY " e
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T COMMON- L , . |Mathematical
FORTRAN-Name Name Description Dimension nolation
Cruo PUPDAIL Pu-concentration(PufU-Pad in the {uel tstart-value: INPUT) - Cou,
CPUP (KB} PUDAI mudilieation-rate ol fuel clemtents *Pu-coneentration Uh Cpy,
CUP (1B} PUDAIL mudification rate of fuel elemtents "U-concentration Cu
CRATF(IED) RISSAS reduetion factor - CRAF
CHRAFAK XXXI15 empirical factor for fuel cracking description (INPUT -- -

or cule ing the he: gy
OV IGAS) SINLAS coeﬂluen.t for LilLl.llﬁUlllgt e heat transfer in Lhe gap ) Cvi/Cpi
petween fuel and cladding (INIFD

CPUMX (ED) PUMA1 change of l_:’u-cnncmltrul.lon based on evaporation and . AC UK

condensation :
DELTB XX X6 K AT Y4 max
DELTI XXXI6 K At
A boundary eondilions and tolerances (see INPUT H max
DEMAX XXX -- A nax
DESHM XXX A € QI max
DEVSHB (1K} COMPAL partial derivaiive of the nonelustic delormation rate with d iy
DEVSHH (IEID COMPAL respect to strain hardening strain of fuel eladding d egn
DEVSVER(IER) COICAL partial derivative of the nonelastic deformation rate with - diy
DEVSVIIHIED COUCCAlL respect Lo the equivalent strain of fuel cludding day
DIERB (1B COMPAT partial derivative of the nonelastic deformation rate with dty
DIERIT KD COMPAT respect Lo Lhe recovery strain of fuel and cladding deR
DIFESHB (1K1 COMPAYT | partiat derivative of Lhe strain hardening strain rate with - d £ 511
DEESHEEH) COMPAT respeel to the strain hardening strain of fuel and cladding oegH
qothetric {ac | sis of fuel te T 3 - g s
DG UER) GEOFAL g(,um.l Ll‘l-(, lactor gnr uu_uiybl:, of fuel temperature - and power __ D
distribution {cf, AGE, BGF)
DMXFIS AER) PUMAI change of :.mmunl, uffissile isutopes due Lo vapuorizalion and )
condensation
DOSHT UMRAII total neutrnn dese (INPUF, OUTDUT) n/em? F
DOSDTT UMRAD epithermal neutron dose n/em2 e
POSDTS [ITMRAS fasl neutron dose nfrm |
posurT [IMBAZ thermal neutron dose wem? Iy
DOSP UMRAT neutron flux (OUTPUT whem2 - 5) i
NP2 FORAZ auxiliory value: rate of change ot the gap luel-cladding cm/h )]
DPA IUMBRAI material dumage {OUTPUT} --
DiPAY UMEBATI muaterind damage rate 1/h
DRA LT XXXIH systen pressure al external Lime bPlp(lll]Lb (INPUT) Nrem? Pa i, PLahl
DRAIY] ¢ ()MI’AE) inslanlaneous system pressure (QUTPLUT) N/em® Pa, P kahl
DRAP RATIEAL coolant or system pressure rale respeetively Niem™ - h) Pa
DRUIALRTT) XXXILL internal pressure a1 the external timpe setpoint tsee INPLUT) Nl’cm2 Pij, P gus
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‘ N L ] . atic:
FORTRAN-Name LO&T]? Bescription Dimension Ma:‘;f:tli‘:::lc‘“
DRIDT COMPAS | instantancous internal pressure (OUTPUT) Nfcm2 Pi,Pgas
DRIP RATIEAL internal pressure rate N/lcm2 -h} Pi
DSMAX X¥Xxn max, Lolerable change of equivalent stress during a compuling Niem AT ax
interval (INPUT)
DSVLL(EB} PCOMAL | change of void volume in the fuel ring during & computing inlerva - &SV,
DT DTIMAL iength of the instantancous computingg time interval b Ay
DTMAXE XXXI9 max. Wwlerable change ol a fuel or cladding element “s o B
DTMAXH XXXI19 temperature from one internal timestep to the next (EINPLUTY
DVMIN (LB PCOMAS incoming void volume per fuel ring by pore migration -- AV
NDVPLUIER) PCOMAS | outgoing void volume per tuel ring by pore migration - avit
B ) 1 - N

DVMKGPAIED, PMIGAL us DVMIN, DVPLU, but additionally reluted Lo pore clusses AV_|_
Ky PMIGAI -- AV
DVPKGPUEB, KG)
EFISS XXXl14 fission energy (NPUT) MV /liss t figg
EMODB (KB MATHAL Youngs s modulus of the el N;’umz i
EMODIIAELD MATIIAL Youngs s modulus of the cludding ' )
EPELVB3, IEB) STHAZ portion of the elustic strain rate retated Lo the Lotal strain rate of Uh (& o) k
EPELVIH 4, IEH | STDAZ fuet and cladding tin the order: rad., ux., tang.) ¢
EPIRVHE (3, 1K13) STDAL strain rale based on swelling, condenstation of fission gas bubbles h (& icr}
EPIRVT] 3, IEI] STDA2 and fission gas release for fuel and eludding e
EPNELB (4, II5B) | STDA2 portion of the non-elastic steain rate retated to total strain rate of 1h el
EPNELI (3,1EIL) | STDA2 fueland cladding elements ne

’ PR ; A9
EPSEVL (3, 1EE) COMPA2 elastic serain of each fuel and cladding element ) k
EPSEVH 3, IEH: | COMPA2
113 B I n ]
EPSNEB (3, TEB) | COMPA3 non-¢lustic strain of ihe fuet and cladding slements (OUTPUT} - {€ het
EPSNEH 3, IEH) | COMPAS
rpan ST YA
BPSPVH 3, 1ER) STDAZ Lotit strain rate of fuel and cladding elements 1/h £} k
EPSPVIL(3,IEID | STDAZ
EPST KXRI12 convergence limit far iteration ol luel surlace temperature 9 S

(see INPUTY

EBRESVEHE(3,IED) COMPA2 total straiu of fuel und cladding clements (OUIPUT: KPSV 3, e} k
EPSVE (3 [EH) COMPALZ EPSVIT Y
EQ AXX14 average lusl nsutron energy Mev
ERBATER) COMALI reeovery strain of the fuel and cladding elements (INIT) - L Rk :
ERIT(IEID COMALS
ESHB AR COMAI slrain hardening straio ol Tuel and cladding elements B £ sH
ESHTOEH) COMAISZ (INPUT, OUTPUTY -5
EVHBJED CUOMALG nun-elagtic equivalent stramn of fuel and cladding elementy N ¢ k
EVH (i COMAILL (INPUT, OUTPUT) v
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. - P . . ical

FORTRAN-Name CoﬂﬂgN Description IDimension Mn!i‘.::f;liit:lca
FR{KT KRITH vector of x-values fnr the creep table for fuel (KRBMAT) ﬁss/(cmg-h) )
F'H (1K KRITI vector of x-values for the creep table for cladding (KRHMAT) nfem?

FCONR FORAIL radial contact force between [uel and cladding (INPUT,OUTPUT) A
FCONZ FORAIL axial contact force between fuel and cladding (INPUT, OUTPUT) N F,

i [ * ] X
FERBAILE COMPA] recovery strain rate of fucl and cladding elements 1/h ER
FIRILTETL) COMPAL
FESHB LB COMPAIL rate ol strain hardening strain of fuel and cludding elements 1k & st
FISHIT AR COMPAI | (QUTPUT 5
FPEVBUER) COICAL total nonelastic deformation rate of fucl and cladding elements h ok
FEVH (it COCCAL (&, =ER+Egy) (OUTPUT) v
FGIR (K GASTILL vector of x-values for the ission gas release table (GEBMA'T) fisg/em -
FIMA UMRA1 burnup at Lime selpoiol TIMEIF (OUTPUT) - IMA
[FKB INI LY fuel strain hardening churacteristic _ ty
[ KL INP11 cladding strain hardening characteristic £y
FKORN XXXI3 grain diameter (INPUT) em d
FLUXEA XXXI20 undisturbed epithermal neutron flux (INPUT) niem? - s) ® gpi "
FLUXEI LX X120 ftux depression (resp, minimum ol Lthe relative Tux) for epitherina B B

flux (INPUT)

FLUXEM (IKB) FLXPAL absolute epithermal neutron flux in the elemonis n/(umz- 5} L i
FLUXSA XXX120 undisturbed [ast neutron Nux (INPUT) m’(cml s} &,
FLUXTA XXXI120 undisiurbed thermal neutron flux {(INPUT) okem? - s) I
FLUXTI XXXIi20 flux depression for thermal flux (ANPUT) - --
FIL.UXTM (IEB) FLXPAL absolute thermal neutron (lux in the elements n.!('::m2 s} P ih
MUE XXXI12 friction coefficient for friction between fuel and eladding (INPUTY - M
FORB (3 FORAZ total contact toree fuel N {F g}
FORI (D) FORAS total contace force cladding N {F i

\ PR, \ , , sum ol gas pressure and surfuce Lension of cach void volume class 2 )
FPAKG{IERB, Ky | PCOMAZ ‘ Nfem {pa

in the slements

TP ¢ K . -
IFPE () FORAL total force-rates for fuel and eladding N/h {Eghilf )
FEHLES FORAL
FPCON 31 CONAL friction torees N {F cont
FPGRG AR, KG) | PCOMAL pus pressure of each void volume class in the elements (OUTPUTY  N/em f'pg
FPPB G FORAL pressure foree rate fuel N/ {F pi)
FPPE 63 I"ORAL pressure force rate cladding N/h IF pH}
FPVB (3, [EB) STHAI total force-rates lor pach [uel eloment N/h {F e}t
FPVIL(3, TI5EH) sSThal ttal foree-rates for cach cludding element, N/h {F Hat
FRISS (1B} RIS5A1 cracked area it the fuel ring (OUTPUT) cm2 --
FSYB (EB) CORCAZ ereep rate at the yield strengih of fuel 1/h £ ¥
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IOMMON- s . ; ics
FORTRAN-Name ()OName Descriplion Dimension Mz:::f::;":f‘d
FIMB RRITTL creep tabie for fuel (KRBMAT)
UK IKTIKZ)
MM KR creep table for cladding (KRHMA'T) i
{TKFIRT 1IKZ)
TR (2) KRITAL auxiliary valuesfor ereep table upplication
1Y (1KZ3 KRITA1
FVPKGP(IED. KG) | PORMAL ‘rate of pregsure |11ﬁL1ced volume change for each void volume clasy mn fup
in the element during the compuiing interval
FVPKGP UER. KCi PORMAL rate of Lhermal volume change lor sach void volume class during 1/ fol
the Lomputmg intervall
FWLAIGAS) XIN1A4 mean free path of gas molecules at 0°C und 1 bar (INIT1) m ¢
¢ m
GAMMA XXX114 surface Ltension of the pores INPU'T N/cm ¥
GMARO, GMHEO, nunmber of gas moies ol each backit) gas component in the order
GMKRO, GMN20, [ XINIA2 Mole Mile, M Kr
GMXEQ Ar,He, Kr, Ny, Xe (see INPUT:CON ) (INIT 1)
GMIFDT PCOMA4 total number of all released gas moles in a computing interval DT Mole M i
GMFKGAER, KG WOMAS number of released gus moles per void votume class and ring all Mole Mt ot kg)
over Lhe compuling intervals
GMFKGPJER, KGY GASBAL rate of figsion gas release per void volume class and ring Mule/h Mg pre i, kg)
GMIRE PCOMAA4 tolel number of released gas moles (QUTPLT) Mole Mg frai
GMFRER PLOMAJ tolal number of the released Kroor Xe moles resp Mole -
GMIPRXLE PCOMAY
GMKGUEB, K PCOMAS v, of gas woles per void cluss al "TIMEDT” (OUTPUT) Mole Mg
GMEGPUEB, KG) | GASRAI rate ol tission gas balanee Moleih Mg ubs
GMEKGPR{IER,KG)H GABRAI fission gas bulance relavted wo the ring volume i/h Mg;
GMTOTO XINLA2 number of moles of the backlill gus Mole M Lot
H2B (B PLASA?Z
auxiliary values .
2T (BRI PLLASAZ
HCOOLH XXXt7 heal transier coefficient cladding to coolant (EINPU'L) W/(crn2 ‘Ko h ¢yl H
HGAP GAPAL heat transter between fuel and cladding (OGUTPUT) Witem? - K b gap
FIGIPEX XXXH2 fuel-cladding heat transter coelticient tsee INPUT Whe i’ -Ki hgap
[IANZLP INPG numbaer of timoe au'pa within the irradiation history (INPUT) -
1CRO RISSAS total number ol the eracked elements
ICRN RISSAG
= (k [uel element not cracked
ICRACK {18131 RIS5A2 tOULTPUTAC -
2 4k fuel element cracked
IGASE INP1 option [or fission gas release model tsee INPU'T) -
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FORTRAN-Name C()rz\’:‘[::ll(:N~ Description Dimension Ma;l;?;;:cal
IMATH ENP42 options lor fuel and cladding materials (gee INPUT) - -
IMATH INP42
INP CH2 veetor for the identification of the data blocks to be read in 3 .
(INPUT)
IPTGAR INP7 aption for gup type (see INPUT --
IPTTRA INDT option for gas- or sodium bonding in the fuel-cladding gap N __
(sue INPUT)
Q MACOAT { comtrel variable for fuel cracking m
I ]
ISWELB INE1 options for tuel- und eladding swelling (see INPU'T) - --
[SWELH INPY
[VRISO (113 RISSAZ controd variable for luel cracking -
. N
1ZKRE INF5 dimension ol the creep table fuel und cladding - -
1ZKRH INDS
e )
MEIIE INPL oplions for caleulation ace. o large detlection theory (see INPU'D --
MCEEH INDP2
MCRPB INP1 oplions for caleculation of fuel and cladding creep and plasticity _
MOCRPIH N2 (see INPUT}
MTIRI NP2 option tor internal pin pressure {see INPUT) --
MGEFR INP10 dimension of the fission gas release table - -
MNLEKG UG INPY vption for void velume classes (see INPUT) - MNL,
sl »
MTH INPS dimuension of the creep table fuel and cladding --
MTi1 INP5
NLEB ENP3 number of tuel nnd cladding eloments 3 -
NELL INP3 tsee, INPUT NERH =NRB -1, INIT
3
NFD INI'5 dimension of the ereep table tuel and cladding - --
NI'H INPS
NGITR INP1O dimension of Lhe {ission gus reledse table --
NP INPS no. ofvoid volume classes {(INPUT) Np
NPROD(KG) INPE aption lor void volume elasses (see INPUT) - -
NRB INF3 no. of fuel radii GNPUT) .
NREE INP3 no, of cladding radii (INPUT)
OMV (IRB) MIGATL oxygen - W - metal ratio in the luel elements (NEPE, QUTPUT) OIM
OMVO XXXI13 initial vaiue for oxygen -to- metal ratio in the fuel (INPUT O/IM
PIEB [1513) QPRALFP relative flux distribution in Lhe fuel elements --
PHIDT(ER) UMRA]I time integrated (ission rate of vach fuck element (INIT fiss/em? ¢
PHIDTO UMRAIL initial value of time-integrated Dssion rate (ANPUTY fiss/ems b
PHITYT Q UMRAL radinl average of'the lllii“lllLL‘l.,PuLLd fission rate (INI'f, OUTPUTY fiss/e® .3,
PEELE LI 3) UMRAL locad fued elements “figsion rate 1OUTPUT) fiss/tem?. 5) &
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FORTRAN-Name Loﬁfm?”' Description Dimension Ma;gf::i‘:,‘:""
PHIPG UMRAL radial averaged integrated fission rate (QUTPUT) fisa/lem? . &) (i)
PMAR XXXI17 factors for modelling the mechanical anisotropy in fuel and Py
PMAH KXXIT cladding ANPUT) Py
POR (IR PCOAL2 potosity in the fuel rings (INIF, QUTPUT por
PORMAX XX XI6 max. lolerabie void velume in a tuel ring ANPUT) - PUE yax
PORO XXXI13 initial value of fupl pornsity (INPUT) - porg
PRAKCUEE KO | PCOMAS radit (:.E pores of the different void volume elasses in the fuel rings o R,
(OUITPUT: PRA)Y
PRBA{IRE) QPRATL relative {lus distribution at the {uel radii CQUTPUTY -
PLI38 XXX1H
el
I 339 iii: IS isolape distribution o the fue UINPUT)
PuU40 1 - -
Uys MU s + Uy, Pu /Pu,
PUA41 xxxiy | (UselWos ¥ Used Puy fPu)
PL42 XEXI18
PUFISS XIN1AZ Pu3dd + Pudt (INIT 1) Puyg,.
Py T GCOMPAS auxitiary value: p-V /7T, N-em/K --
QUAKIT XXX iinear power al the external time selpoims (INPUT) W/iem 5
QLT COMPAS fincar power al the end of a computing interval (OUTPUT) W/em ¥
QDTE (1E13) RADAL linear power 1 the fuci elements at the end of s compuling Wiem X
interval
GEAK UMRAZ conversion tactor; Bission energy from MeV ind J /liss --
QP RATEAL linear power rate W /e - h) X
QUOTBAOER STIMAS
auxiliary interual variables --
QUOTH (IEH) STIMA3
QVDT RADAI volumestric uverdged heat production rate in the fuel W/em Wy
QVDTE (1K) RADAI volumetric averaged heal production cale in the fuel ring W/em Qv
QVINDTEER) RADAY volumetric averarged linear power in Lhe fuel rings W/ em? --
RABER COMAI inner radii of the fuet elements (INI'T) - Py
RAH IR} COMALL inner radii of the cladding elements (INI'T} 2 A
RATBTR COMAI2 fuel outer rudius (INPUT) em I'Ba
RIBR COMAI2 fuel inner radius (INPUT) I Bi
RANRO RINITAT fusl outer rudius ut the time selpeint T, (ENITL) ¢ T Ba,u
RABRU RRXII0 ouler radius of blouket material (INPUT) em I'd Br
RIBRU XXX inner radius of blanket material (INPUT) rig,
RALEL COMAL cladding outer radiug (INPUT) em I'Ha
RIHT) COMAITR cladding inner radius (INPUT) - Y i,
BALFAB G XXXI8 Lhermal unisotropy-factors for the fuel (INPUTY om Ror Rau
RALIAILGH XXXI18 thermal antsotropy-tactors for the eladding (INPU'T) ’ Rz
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. COMMON- ot . . |Mathematical
FORTRAN-Name Name Deseription imension notation
RAUBR XXXI3 fuel surface roughness (NPUT) ent firaupg
RAUTIU XXXI3 cludding surface roughness  (INPUT) Srau g
RBURID COMALL radii of fuel rings or elements resp. (INIT, OUTPUT) em r'p
RH{IRH!} COMATIL radii of cladding rings or elements resp. (INIT, OUTPUT) rd
RBBER) COMAIL onter radii of the fuel elements (ENIT, QUTPUT) em ror
KBH (K COMAI1 | outer radii of the cladding elements (INIT, OUTPUT) ' B
RG1IZ XXXIi4 minimum radius for migrating pores (INPUT) em T gre
RINOO THEDAS theoretical density of the tuel at the start of caleulation g /em 0o
T = TIME 11}
RHOTH ([ER} THEDAL thenreticn] density of the fuel ring material glc.m3 Pth
REHUD XINIAT cladding inner radius at the Lime setpoint T, (INIT1) cm FHio
RIRRB (3 XXXIt4 fuctors for modelling the irradiation induced anisotropy of fuel {R irr} u
RIRRH 3 XXXItd and cladding (INPUTY {Rirrt,
KMARB KXXIT factors for modelling the mechanical unesotrpoy of fuel and Rp
RMATE XXXI7 cladding {INPUT) Ry
3 ‘; "" Al .
RPUNE (IR8) STDAL radial displacement rate of the fuei and cladding element radii cm/h r B
REPUNH (1) STDAL iy
RSC XXXI19 factors describing Lhe pore migralion veloeity or the plastic stress Rge
RSP XXX19 limit respectively in the pore region (INPUT) Rgp
SOKG UEB, KG) COMPAA4 slu.pu of the creep curve fur the fuel elements and in the different N (“mz b S,
void volumne classes

SFPVLE (1) STDA4 total foree rates of sl fusl elements (rad., ax., tang.) N/h .
SFPVLID STHAA total foree rates of wll cladding elements (rad., ax.,, tang.} N/h
SFRISS RiSs8A1 crack- volume per unil leagth (QUTPUT) um2 -
SIGKFAK XXX14 convergion lactor neatron flux vs. fission rate UNPUT o
SIGMOR XXXI[5 u'ru.lung stress of the fuel (INPUT) Nlc,m O¢r
SIGPVB (G, LIS STHAS siress rale vector of the fuel elements Ty ke

. ' . N/(em® - h) {0}
SIGPVH (3, TR STDAS stress rale vector of the cladding elements
SIGVB (3, IR} COMAILS radial, tangential and axial stress of the fusl or cladding clements N/om { U} k
SIGVII, IKED COMALS respectively (UNPUT, OUTPUT)
SIPVERIIEE) STDAS equivalent siress rate of the tuel elements N emZ ) p L
SIPVIEILUELD STDAS eyuivalent seress rate of the cladding elements ' v
SKDT TEMPAZ thermatl conductivity integral W QUTPUT) W/em --
SPUER) COMPAY plastic stress limit in the fued clements N!cmz Op
SUTH (G AS) XENTA4 Sulhecknd-constant of the hackiill gas uunpunen!ﬂs {INTT1) K S
SVB(ILEB: COMPAG | equivalent stress of Lhe fuel elements QuUTPUTY N/ em2 ok
SVILAELD COMPPAG | eguivalent stress of the cludding elements (OUTPUT) ' v
SVIELFAK KR RIsSA4 remaining crack volume, convarted Lo pore volume - -=
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FORTRAN-Name

COMMON-
Name

Description

Dimension

Mathensalical
notation

SVLLERB)

TBAKT)
TH (KT

TEDTEB (IEB)
TEDTELE (ELDH

TEDTRB(IRE)
TEDTRH (ERH)

TEMPPB (IER)
THMPPH{IEH)

TGFR KT

’I‘(w RZKG (K

TIMIEH (12111

UPB
urHu

VLKGO (KG)

PCOAKZ

KRITI
KRITIL

TEMPAL
TEMPAL

TEMPA1
TEMPAL

ITEMAL
DTEMAI

FORA3
ORAJ

XXXIlG

abselute void volume in the fuel rings at the end of a computing
interval or at "TIMED'T” respectively (INIT?

(KRBMAT)
veclor of y-values [or the creep lable L,laddmg (KRHMAT

veclor of y-values for the ereep table fuet

coslant temperature at the end of a computing interval or al
"TIMLEDT” respectively (OUTPUT)

temperature in the fuel and cladding elements during or resp. at
the end (FIMEDT) of o compuling interval

temperature ai the fuel and eladding radii at
MIIMEDTHOUTPUT)

lower temperature limit for pore migration of each void volume
class (see INPUT)

user oplion: externally given setpoints of time during irradiaticn

(INPUT, QUTPUT:

instantanenus computing time or end ol the computing inlerval
resp, (QUTPUT)

pore migration velocity in the tuel rings for the ditferent

viid clusses

AVLKGUUB, KGy, iniual velue (see INPUT)

"
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T . COMMON- e . s+ |Mathematical
FORTRAN-Name Nume Description Dimension notation
VLKGP (EB, KG | PORMAZ Lul.n‘l voiume chu-ngc rate {or each pore class in the fuel element h.1 v y
during a computing injerval
VILKGJEB K& | PCOAD affective porclvolumeni ench cluss of voids, related to Lotal VLL
porosity in the ring elements (OUTPUT)
VLLKGOIKG) XXXI16 AVLLKGEB, KG), mltn]\,.ﬂue tsee INPUT - Viga®
VMBE (1EL) SWEA1 swelling rate in the fuel element h.[ V & ve
VM (T} SWEHAL swelling rate in the cladding element EVS
VORLB (KB COMPAT volume ol the fuel rings (INI'T; 3
., em V glement
VORIZHIEH) COMPAT votume ol the cladding rmg.,si[N[l)
VPLE COMALS void volume in the fuel rod (INIT, OUTPUT) cm' Vplen
VPLINP PLIEY A1 rale of void votume change in the fuel rod em® 7 v plen
VPUTER) MIGAT Muvaleney in the fuel rings V pm
.} .......................
VRBAER RISSAS crack volume in the tuel elements un.; Verack
VRBO (1K1 RISSAS e’ V erack,0
VSTRUR XXX volume of interval structure parts in the fuel rud (INPU'T) em® V Siruk
VTOT (IEB) PCOMAL | auxiliary value: relative fuel element voiume - VroT
WALGAS) XINIAS cocfficients for caleulating the thermal canductivity of the gas W/ em - i$) a
WBUGAS) XINIAL components inthegap:A =i+ bj T (INITH) W /fem Iy
WGAP WOAPAL | thermal concuetivily of the gas mizture in the fusl cladding gap W/ (em - K3 A gus
WLAMNA XXXI[i2 thermal conductivity of Na (see INPUT) W/iem - K} A Na
XMB XXXL4 nwlecular mags of the fuel (INIT [.!,."Mul Mp
XMGG GAS) XINTAA molecular mass of cach gas component of the gas mizture in the o/ Mol M
gup (UNTT1
XMMILIT XXX molecular mass ol heavy metal (INIT) g/ Mol M et
XNLKGUEB KG) NTIAL noe. of voids of the different void volume classes in the tuel i /c1113 N L
elements (QUTPUT)
XNLRGO (K XXXIG \ XNLKG (1B, KG), initial value (sec INPUT) 1/ em? Npi¢
KNEM UMHRAI ne. of heavy metal atoms per unit volume Atome/em NgMm
XNUEB B MATBAL puisson s ratio tor the fuel v
XNUELEICHD MATIAI pulbsun “s ratio for the cladding
ZBR C ()Mz‘\[? wotal lenglh of fuel column (EINPUT) 4 i
ZBRU XXKID tota! lenglh of blanket (INPUT) } em 14 8¢
411U COMALY totat length ol cludding (NPUT) €
ZLB D COMALL lenjrih of the fuel or resp. of cladding elements i an axial column e ¢
ARTET IR COMAD seetion ANPUT, INIT, GUTPUT) z
sgth of the axi 1| 2) 4l the 2 sel
2110 KINTAT luu,th of the axial fuel enlumn section tnudge) st the time setpoint om ¢
Ty UNTT D L0
ZLB AER) STDAL axial displacement rate of the [ue) clements em/h ¢
ZULPH D STDAL axvial displucement rate of the cladding elements Z
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ANNEX 2:

Qutput of the Input Data




SATURHN - FS 1 #x=  FAST BREEDER DEIIOHSTRATION RUN
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CALCULATION WITHOUT MATRIX CEE
FUEL CREEP A. PLASTICITY ACC TO FCREEP HODEL
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LIST OF INPUT DATA

LEt 1

OPTIONS AHD LINITS

FUEL SWELLING ACC. TO SWELLE-MODEL

FISSIGH GAS RELFASE ACC TO GASREL-MODEL
HAX TOLERERABLE FUEL CENTERLINE TEMPERATURE

KAX TOLERASLE POROSITY I A FUEL RING
CRACKING STRESS FOR THE FUEL

EMPIRICAL FACTGR FOR E-MOD DN CRACKED STATE
REFEREHCE TEMPERATURE

HAX TOL.TEIPERATURE MISHATCH DURING ITERATION

MAX TOL, CHAHGE OF ELEM-TEMP. FROM TIHE T TO [+1

MAX TOL. CHAHGE OF HOM-ELASTIC STRAIH

HAX TOL. CHANGE DF STRATH HARDENIMG STRAIM
HAX TOL. CHAMGE DF EQUIVALEMT STRESS

RABR = 0.,32350 CH

KE RE
(CHY

1 0.000

2 0.6872

3 0,102

4 0.125

5 0.145

6 0.162

7 6.177

g 6,191

9 8,205

ie 8.217
11 G.229
12 0.240
13 9,251
14 9.2061
15 0.271
16 0.289
17 0.289
18 0.298
19 8,307
20 6.315
21 0,323

RAB

ci

oen
672
192
125
.145
162
177
.191
205
217
229
240
251
. 261
271
0,280
0.289
0.298
6.307
6.315

—

oD o oo oL oo o0

RIER =

RBE

(cH)

0.072
0.102
0.125
0.185
0.162
06,177
0.191
0,209
6,217
0,229
0.240
0.251
0.261
0.271
0. 280
0,289
0,298
0,307
9.315
0.373

GECHETRY

B.00600 Ci

7LB
(Ch}

12,
12,
12.
12,
12.
12.
12,
12.
12.
12.
12.
12,
12,
iz,
12.
12.
12.
12,
12.
12,

0g
ng
0o
6o
o 5]
@0
80
a0
00
0o
na
00
(¢]:]
an
it}
ap
80
o0
ba
pe

DATE = 92-11-11 TIHE =14:13

INP = 00BHOODEADEC0ADNABE0BO00DEE00D

HCEER
HCRPB

ISWELE

[GASB
THAX

PORHAX
SIGHCR
CRAFAK

TZERD
DELTB

DTHAXE

DEHAX
DESHH
DSHAX

ZBR = 12.00800 CH

MATERIALS CHARACTERISTIC

FUEL SURFACE ROUGHHESS

GRAIN DIAMETER

START VALUE FOR FUEL POROSITY
SURFACE TEMSIOM OF THE PORES
HINIMUM RADIUS OF MIGRATING PORES

FACTOR DESCRIBING PDRE MIGRATION WELOCITY
FAC, DESCR, PLASTIC STRESS LFHIT I PORE REGION

FACTOR FOR GAS RELEASE MODELLING
PU-COMCENTRATION IH THE FUEL
1SOTOPE DISTRIBUTION 1N THE FUEL

U235-COMCENTRATION TH THE URANIUM

OXYGER-TO HETAL RATID

RAUBR
FRORM
PORG
GAHHA
RGRZ
RSC
RSP
BREL
cruD
PU3g
PU39
puan
PU41
PU42
U3s
GHve

LI T T TR (R Y I I I 14

Nouwon

FoWwomomoWwomonow M R RoW R MN

NN D

2800,
0,150
5000, 6

0.600E+6D

20,
z0.
50,

0,56E-03

@.5
500,

MRB =21

GRD.C
H/CH#*2
GRO.C
GRD.C
GRD.C

HEB =20

9.300E-03 CH
0. 100E-02 CM

0,0568

0.306E-02 H/CH
0.500E-04 CH

16,0
1.¢
1.0

,2800

0.0100

0.6700

9,2600

08,6500

0.0100

0.7360

1.93¢



FISSION ENERGY
TIME-INTEGRATED FISSION RATE
HECHANICAL ANISOTROPY FACTORS
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THERMAL ANISOTROPY FACTORS

STRAIN HARDENING CHARACTERISTIC
FRICTION COEFFICIENT

RADIAL COWTACT FORCE FUEL-CLADDING
AXIAL CONTACT FORCE FUEL-CLADDING

KE

——
Lol =n S Cn Ble o RN o LS N S

b b e e
(L= JE N IR NS NN FEN N )

™3
=

SIGVB{1)
(H/CH**2)
0.00BEIE+DO
0,06000E+D0
0.0C00DE+DB
0.00000E+00
0.00008E+CD
0, DEBROE+ED
D, 00GOOE+QD
Q, CO0O0E+0G
0,0000DE+06
6. 000C0E+00
0. 000GIE+00
0.0C0D00E+A0
0.0C000E+D0
6. 00000E+00
0.00000E+E0
0. DOO0BE+ED
0,D0000E+0D
D.0DCOOE+BD
0.60E0RE+AD
0, 000O0E+0E

STRAINS AHD STRESSES

SIGVB(2)
(N/CH**2)
0,50060E+00
6. 00069E+DO
0. 00000E+00
G.0000CE+0D
0.0800CE+00
0. 0006CE+G0
0.D0DOOE+BD
0. D0B0BE+0D
9,00090£+00
0.60000E+08
0, 000COE+O0
2, 000GOE+00
0.000GOE+DD
@, 0e00eE+Da
G,08006E+00
0.0C000E+D0
0.06000E+00
0.DOOOBE+GD
0.0000QE+BD
0. DBE0BE+0R

SIGVB(3)
(NFCHE2)
0. D00GOE +00
B, BADGOE+00
9. 00009E+00
0. 00000E+00
0. 0000GE+00
. 0000GE+QD
0. 00000E+0D
0. BBEDE+0D
0. DO0OBE+00
0. 0000DE+00
0. 00060E+00
0. 0BDCOE+00
0, GODOOE +00
2., 00000E+00
9, GBO0CE+00
0. 0000CE+00
0. 0000GE+0D
0. 00000E+0D
8, 0000RE +00
0. 00C80E+00

EFIS5 = 203.0
PRIDTE =
RMAB = 1,00
P4AR = 1.00
RALFAB = 1.0
1,00
1,00
FKB = 5,00
FHUE = 0,003
FCONR = a.
FCONZ = a,
Eve ESHB

0.1D00BE-B6
0. 10000E-06
8, 106B0E-06
8, 1060DE-06
@, 10000E-06
0, 10000E-06
@, 10DC0E-06
0. 10000E-06
0, 16A0QE-B6
0.1000EE-06
0. 10000E-06
0,10000F-86
0.10CO0DE-06
9,10000E-06
8,10000E-06
9, 1000DE-0&
0, 1900G0E-06
@, 100GBE-06
G, 10000E-06
0. 16O00E-06

FUEL SHELLIMG

TRRADIATION-INDUCED AMISOTROPY FACTORS

RIRRE

HEV/FISS

0.000E+G0 FISS/CH%*

ERB

G, 1000OE-66  O.0C0000E+00
0.10000E-06  O,00000£400
0.1c000t-06  ©,00000E+00
0.10006E-66  ©.0000PE+00
0.10600E-B6  G.0GO0DE+OD
0.10000E-B6  0.0G9DOE+0C
0.1069DE-06  0.00900E+Q0
9.10000E-DG 0, D0ODGE+O0
©,100C00£-06  ©,0DCO0E+ED
0.100GBE-06 0, 0DCGODE+0D
G.10000E-86  B,C0000E+00
0.10000E-86  ©,00000E+00
0.16000E-06  0.G0080E+00
0.1600eE-06  G,000BOE+00
0.1600BE-06  ©.00060E+00
D.1000RE-B6  O.00000E+OC
0.10CG00E-06  0.DGONBE+B0
0,106O0E-06  0.D0000E+A0
0.10000E-06 0, 00000E+O0
0.10000E-06  Q.NORBOE+ND

CHARACTERISATLON OF THE YOID VOLUME CLASSES

IUMBER OF ¥OID VOLUNE CLASSES P

KL HPROD VLEGE VLLKGO XHLKGO HHLKG

- - - (0233 -
1 1 6.9080  0.5008-01 0. 160E+07 -1
7 1 0.1060  ©.100E-06 0. 180F+24 -1
CLADDTMG MATERIAL 1.4970
OPTIONS AND LIMITS
CALCULATION WITH WATRIX CEF HCEEH
INTERNAL P1H PRESSURE IS CALCULATED BY THE CODE HDR1
CLADDING CREEP A. PLAST. ACC TO CCREEP HODEL HCRPH
CLADDING SWELLING ACC TD SWELLH MODEL ISWEL
HAX TOL, TEMPERATURE WISHATCH DURHIG [TERATIOM DELTH
HAX TOL. CHAMGE OF ELEM-TEMP. FRON TIME I 7O I+1 DTHAX
GEOMETRY
RAHU = €.38000 CH RIHU = 0,33060 CH  ZKU = 33.00000 CH
KE RH RAH RBH ZLH
(cH) (M) (ch) (CH)

1 0.330 0.330 @.340 33.00

2 0.340 9,340 0.356 33.00

3 8.359 0,350 06,366 33,00

4 0.360  0.360  0.370  33.80

5 9.37  £.370 D.380 33,00

6

0.380

=2
TGRZKG

1200,
1200,

MRS O o

H
8.50
10.

H

BPORKG

-0,001
-0.401

GRD.C
GRD.C

MRH = 6 HNEH = 5




-222 -

HATERIALS CHARACTERISTIC

CLADDING SURFACE ROUGHNESS RAUHU = 8,300E-D3 CM
STRAIN HARDENING CHARACTERISTIC FKH = 8,50 -
NEUTRON DOSE DOSDT = 0.000E+DG NEU/CHA#2
WEUTROK DOSE TO FISS RATE CONVERT. FACTOR SIGFAK = ©.0218 -
MECHAHMICAL ARISOTROPY FACTORS RHAH = 1.0C -
PHAH = 1.00 -

THERMAL ANISOTROPY FACTORS RALFAH = 1.00

1.00

1.00 -
HEAT TRANSFER COEFFICIENT CLADD. TO COOLANT HCOOLH = 0.130E+02 W/CH**2*K
VOLUHE OF INTERNAL STRUCTURE PARTS VSTRUK = 0,475  (M**3
PIN VOID VOLUME VPLEN = 4.581 CH**3

STRAINS AND STRESSES

KE SIGYH({1) SIGVH(2) SIGVH(3) EVH ESHH ERH
(H/CH*%2) {(H/CH*2) (H/CH**2) - - -
G.0C00DE+O0  O.C000GE+09  0.0000DE+00 0, 100DGE-06  9.100005-06  0,00000FE+00

1
2 0.00000E+00  0,00000E+00  0.D0DEOE+BG  D.1090CE-06 0, 100G9E-06  8,B000DE+00
3 0.0000CE+C0  ©0.00000E+BG  0,0000DE+00  0.10000F-G6  ©,19000C-06  ©.0H0BOE+D0
4 0,00600E+00  0.000B0E+00  0.000NDE+@0 0. 10CO0E-06  0.1GD00E-86  ©,000GOE+0R
5 0.00000E+00  0.08000E+00  O.B0PO0E+98 O, 1000DE-06  0,1GO0GE-06  0.DEBOOF+H0
CLADDING SHELLING
IRRADIATION- INDUCED AWTSOTROPY FACTORS RIRRH = 0.00
9.67
9.33 -
BLANKET
GEOHETRY
QUTER RADIUS RABRU = 0.31500 CH
IHHER RADIUS RIBRU = 0.,00800 CH
BLAHKET COLUMN LEMGTH ZBRU = 7.50D00D CH
GAP
OPTIOHS AHD LIMITS
FUEL COLUMM IS COMCEMTRIC WITHIN CLADD. TUBE IPTGAP = D
GAS BOMDING [M THE FUEL-CLADDING GAP IPTTRA =1
UPPER LIMIT FUEL SURF. TEMPERATURE HISHATCH
DURING ITERATIOM FUEL-CLADDIMG HEAT TRAHSFER EPST = 10.0 GRD.C
HATERIALS CHARACTERISTIC
GASHIXTURE IH THE GAP HE = 0.508 -
AR = 0.500
KR = 0,000
XE = 0,600
M2 = ¢.000
NEUTRON FLUX CHARACTERISTIC
UNDISTURBED FAST MEUTROM FLUX FLUXSA = 0,170E+16 MEU/(CH**2%5)
UNDISTURBED EPITHERMAL HEUTRON FLUX FLUXEA = ©,00GE+BO NEU/ (CH**2#35)
UNDISTURBED THERHAL WEUTROM FLUX FLUXTA = 0.G00E+GD NEU/ (CH#**2%5)
EPITHERMAL FLUX DEPRESSION FLUXET = 0,100E401 -
THERHAL FLUX DEPRESSION FLUXTI = @.100E+01 -



[

TIHE
H

(Sl ReNo o]

0D 00 0 L = 5
owmoooo

9.50
l18.5@
11.50

108, 0@

199.08

111,00

135.00

231.00

351.00
1311.08
2511.040
14511.00
14511.05
14511.10
14511, 2¢
15231.00
15255, 08
15975.00
15975,50
15976, 00
15978,00
15978,25
16191.00
16191.17
16192.69
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TPLEM
GRD.C

20.
383,
383,
383.
383,
383,
383.
383,
383.
3g3.
383,
383.
ags.
383.
383,
383.
383.
363,
383,
383.
383,
383.
383,
383,
383,
383,
383.
383,
383,
383.

20,

POMER HISTORY

TCOOL
GRD.C

20,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
445,
A45,
445,
445,
445.
445,
445,
445,
445,

20,

DRA

H/CH**2  H/CH**Z

10,0
10,0
10.0
10,8
lo.8
10.0
1.0
10,8
19,0
19.0
10,0
16.0
10,9
10.8
10.9
10.8
10,9
10.0
10,9
10.8
10.0
10.8
18.@
10.0
10,0
10.0
10,0
10,0
18.0
10.0
18.0

LRI

10.0

G
4/ CH

0.0
15.0
77.0

128.0
192.0
256.6
292,0
azr.g
363.0
363,@
3gB.o
432.0
432.0
432.0
432,90
429.0
429.0
414,98
463.0
463.0
414.0
414,80
124.8
124.0
248.0
352.0
352.0
414.0
414.0

6.0
¢.0
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ANNEX 3:

Example of a Print-oul




00+300600 0
00+300080°0
a0+300890°0
90+300690°0
00+300000°0
00+300690'0
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00+360060'0
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KM KE K&
111 0.
2 0.
1 21 0.
2 0.
1 31 0.
2 g.
1 41 a.
2 0.
1 51 0.
2 0.
1 61 0.
2 6.
1 71 0.
2 0.
1 81 b.
2 a.
191 8
2 0.
110 1 g.
2 0.
111 1 0.
2 9.
112 1 o,
2 g,
113 1 0.
2 6.
114 1 .
2 9.
115 1 0.
2 B,
116 1 0.
2 0.
117 1 a,
2 o,
118 1 0.
2 H
119 1 0.
2 0.
120 1 0.
z B,
KH KR RAD
(cy
2 1 6.3324
z 2 0.3425
2 3 0.35206
2 4 0.3626
2 50,3727
2 6 0.3828
KH KE FAR
(CH)
2 1 33,225
2 2 33.22%
2 3 33.22%
2 4 33.225
2 5 33,225

VYLLKG XNLKG PRA
(-) (CH**-3) (o)
479E-81  0.100E+D4  0,225E-01
894E-07  0.100E+14  G.1Z9E-06
275E-01  0,403F+05  0,546E-02
501E-07 0.252E+22  0.168E-09
ZRIE-G1  0.184E+06  0,331E-02
510E-07  0.115E¢23 B, 182F-89
3426-01  0,327E+06  0,292E-02
619E-07  0.204E+23 0, 100£-09
4226-D1  0,473E+06  0,277E-02
762E-07  0.295E+23  0.160E-09
493E-81  6.6250+06  0.266E-02
887E-07  0.3G1£+23  0.100E-09
532£-01  0.782E+06  0.253E-g2
055E-07  0.489E+23 O, 100F-09
548E-B1  0,G41E+06  ©.241E-02
9B0E-07  0.5B8E+23  0,1B0E-09
552E-01  0,110E+07  0.229E-92
988£-07  0.687£+423  0.10BE-09
532E-01  0.125E407  0,2160-02
989€-07  0.783E+23 0, 100F-09
4956-01 B, 14BE+07  0.204[-02
990E-07  0,875E423 0, 190E-09
495E-61 G, 154F+07  0.197E-02
990E-07  G.965E+23  0.1G60E-09
495E-01  0.16D£407  0.195E-02
990E-07  0.109E+24  0.100E-09
495E-01  D.1ABE+A7  ©,195[-02
990E-G7 0, 100E+24 0, 100E-09
536E-G1  ©.160E+07  G.200E-02
990E-07  ©0.100E+24  0.180E-09
535¢-01  0.160E+07  0.200£-02
990E-07  0.100E+24  0.100E-99
535E-B1  0.16OE+07  0,200E-G2
990E-07 0, 100E+24  .100E-09
535E-01  0.160E407  ©,200F-02
990E-07  ©0.190E+24  ©,100E-09
5358-01  0.16BE+D7  0.2008-072
990E-07  0.100E+24  0.100E-09
535E-91  0.1GOE+D7 0, 200E-02
990E-07 9, 106E+24  0,106E-09
TEDTR
(6RD.C)
506,
496,
486,
477.
468,
458,
£5H £y
(- (-)
0.26514F-03  0.32936€-03
0,19705E-93 B, 23142E-03
0.27316E-03 0, 30880E-03
0.45634E-03  ©.50540F-03
0.67398E-03  0,73239£-03
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GHKG
-)

0.191E-b6
0.358E-12

0.195E-06
0,356E-12

0.198E-06
8,359E-12

0.199E-86
0.361€-12

0.201E-06
B.362E-12

0, 2D2E-86
0.364E-12

0.203E-06
0.365£-12

0.204E-D6
0.366E-12

0. 199E-806
0,374E-12

8.197E-G6
8.,378E-12

0,193E-06
0.385E-12

0.194E-96
0,388E-12

0,195E-68
G,389E-12

0.195£-06
0.3906-12

0.196E-96
0.390€-12

9. 197E-06
9,388E-12

8,198E-06
G.3B7E-12

0.199€-06
0.385E-12

0. 200E-06
D.3B4E-12

0,201E-06
0.383E-12

FESH
(1/H)
0.00000E+00
0. 00060£+06
£.0800BE+00
0. 0000E+00
0.18347€-06

FPGKG
(N/CH#*2)

0.950E+02
G, 102E+03

D.160E+03
0.175E+403

0.151E+03
D.166E+03

0, 119E+03
0.131E+03

0,929E+02
0.1G2£+03

0.761E+02
0.842E+02

0,672E+02
9, 7145E+02

G.620E+02
0.689E+02

D.583E+02
0.649E+092

0.573E+02
8.615E+02

0.583f+02
0.583E+07

0.550E+02
0.551£+02

D.519E+82
0.519E+82

0.489E+02
0.489t+02

0. 424E+02
(.459E+02

0. 399E+02
D.432E+02

0.376E+02
0.406E+02

0.354E+02
G.382E+02

0,333E+02
0,350E+02

0.313E+92
0.337E402

FEV
(1/H)
0.36198E-06
0.26353E-06
0.23833E-06
0.34297E-06
0.59036E-06

EPSHE(1)
(-)
(G, 26588E-03
0.46797E-04
-0.20466E-03
~0.44895E-03
-0.59436E-03

EP?NE{Z)

0,19690E-64
b.16629E-63
9.30150E-03
0.42207E-03
@,54069€-~03
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KH KE CPROB sV SIG(1) §16(2)
(-) {N/CH*#2) (N/CH**2) (N/Ci%*2)
2 1 0,32051E-12 3027, -283, -968.
2 2 0.10115E-13 1702, -276. 872,
2 3 D.15354E-13 1993. -227. 2938.
2 4 0.592B8E-13 2B68. -150. 3135.
2 5 D.,996DBE-12 3583. -52. 3928.
LINEAR POWER QDT = 0.43200E+03 /CH
BURHUP BU = 0.11528F+91 MWD/KG HE
BURRUP FIMA = 0.106GBE-02 -
TOTAL NEUTRON DDSE BOSDT = ©.13130E+22 NEU/CH**2
NEUTRCH FLUX DOSP = B,17642E+16 NEU/CH**2%SEC
RAD.AV. TIME-INT.FISSR, PHIDTQ = 0.28609E+20 FI1SS/CHA*3
RAD, AVERAGED FISSIDMRATE PHIPQ = 0,38461E+14 FISS/CH**3*SEC
VOID VOLUHE VPLEN = 0.44559E+01 CH**3
CRACK VOL.P,UNIT LENGTH SFRISS = 0.35052E-02 C(H**3
VALUE P*V/TABS PVT = 0.15366E+00 N/CH*K
TOT.NGHB. REL.GAS HOLES GMFREI = 0,20318E-85 HOLE
GAS HIXTURE HE = 0.4945
AR = 0.4046
Kk = 0,6012
XE = 0,0097
HZ = 0.0000

$16(3)
[N/ CH**2)
-3504,
-1084.
551,
1858,
2918,

DPA
DRACT
DRIDT

FUEL DANAGE
SYSTEH PRESSURE
INTERNAL PRESSURE
CODLANT TEMPERATURE TCOLDT
PLENUK  TEMPERATURE TPLEDT
RAD. CONT,FORCE FU-CLAD FCONR

AX. COKT,FORCE FU-CLAD FCONZ
TOTAL STRAIN OF FUEL EPSVB3
TOTAL STRAIN OF CLAD.  EPSVHI

THERH. CONDUCT, IKTEGRAL SKDT
HEAT TRANSFER FUEL-CLAD. HGAP

0,74997E+00
9.10080E+02
0,22862E+02
9, 44500E+03
0.38300E+03
8.67181E+04
8, 20199E+02
9.31612E-01
0.69182E-02
0.36100E+02
0.17%17E+01

WCH**2
N*CII*#*2
GRD.C
GRD. L

K

K

W/Cl
WY CH**25K




