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ZEISIG: Approximate Calculation of the Intergranular Gas Fraction and the Intra­

granular Gas Driven Swelling for SAS4A 

Abstract: 

A simple model has been devised for estimating, under steady-state irradiation 

conditions and for operational transients, the fraction of intergranular gas resid­

ing in fast reactor fuel and the intragranular gas driven swelling. The total gas 

retention in the fuel, the grain size and the irradiation conditions (mainly time 

dependent temperatures) must be known. Use has been made of parts of the fis­

sion gas model contained in the code LAKU and of results calculated with this 

code. The routine (named ZEISIG) is intended for insertion into the fast reactor 

accident model SAS4A as an extension of its fission gas model for steady-state 

reactor operation. 

ZEISIG: Näherungsweise Berechnung des intergranularen Gasanteils und des in­

tragranularen gasgetriebenen Schwellens für SAS4A 

Zusammenfassung: 

Ein einfaches Modell ist entwickelt worden zu dem Zweck, den intergranularen 

Gasanteil und das intragranulare Schwellen im Brennstoff Schneller Reaktoren 

bei stationärer Bestrahlung und bei Betriebstransienten zu bestimmen. Die ge­

samte Gasrückhaltung im Brennstoff, die Korngröße und die Bestrahlungsbedin­

gungen (im wesentlichen die zeitabhängigen Temperaturen) müssen bekannt 

sein. Zum Teil werden Modellvorstellungen aus dem Code LAKU benutzt, zum 

Teil Rechenergebnisse dieses Codes. Das Modell (namens ZEISIG) ist für einen 

Einbau in den Reaktor-Unfallcode SAS4A bestimmt zur Erweiterung seines Spalt­

gasmodells für stationären Reaktorbetrieb. 
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1. INTRODUCTION 

The gaseaus fission products formed during the irradiation of reactor fuel have 

an important influence on the behaviour of the fuel during steady-state irradia­

tion and, even more so, during reactor transients. Any code that attempts to mo­

del the behaviour of reactor fuel under off-normal conditions must therefore in­

clude a model for fission gas behaviour. Quite sophisticated fission gas models 

have been developed and verified on experiments with fuel samples or whole 

pins. The code developed for this purpose in Karlsruhe is called LAKU /1-4/ and 

has already been extensively documented. However, this kind of code is not suit­

ed for insertion into whole-core accident codes, since it needs far too much com­

puter time. Simpler models have to be devised for this kind of application. 

The whole-core accident code SAS4A /5/ contains such a very simple model for 

the fission gas effects. The influence of the gases during off-normal reactor tran­

sients is modelled taking into account the separate effects of the gas contained 

inside the fuel grains - this intragranular gas becomes active only after a time 

delay - and the gas residing on the surface of the grains and in pores between 

the grains, the intergranular gas, that acts practically instantaneously. The space 

dependent amount of intragranular and intergranular gas contained in the fuel at 

~he start of the transient must, of course, be known for this model to be applied. 

The fission gas model for the steady-state preirradiation contained in SAS4A cal­

culates only the space dependent total amount of gas retained in the fuel, but 

does not p'rovide the intergranular gas fraction. This quantity has to be specified 

in the input by the user, and it is not space dependent, but is one single value to 

be used throughout the whole core. This kind of modelling is somewhat too sim­

ple, since intergranular gas fractions during steady-state irradiations depend on 

the irradiation temperature and the burnup and end, e. g., to lower values in the 

colder regions of the core. 

There is a second deficiency of the steady-state fission gas model contained in 

SAS4A: The intragranular gas driven swelling is assumed to be negligible com­

pared to the intergranular gas driven swelling and is thus not taken into account. 

This approximation is acceptable for high irradiation temperatures, which cause 

most of the fission gas to leave the grains. lt gives faulty results at low irradia­

tion temperatures, when most of the fission gas remains inside the grains, caus­

ing a quite substantial swelling. 
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SAS4A should thus be equipped with a more refined fission gas model for the 

steady-state irradiations, that is able to calculate the space dependent intergran­

ular gas fraction and the intragranular gas driven swelling. lt must be a fast-run­

ning code, since modelling an entire core involves normally calculations for 20-

30 representative pins. Operational transients are often part of a preirradiation 

and thus have to be included in the model. The fission gas model for off-normal 

transients, however, is not changed by such a refinement, which serves only to 

supply more realistic starfing values to that part of the code. The only feature to 

be added to the fission gas model for off-normal transients is the ability to han­

dle space dependent intergranular gas fractions. 

A fast method has thus been devised to calculate approximately the intergranu­

lar gas fraction and the intragranular gas driven swelling under steady-state irra­

diation conditions and for operational transients. lt relies for certain parameters 

(irradiation temperatures, fission gas production rate, amount of gas released 

etc.) on the calling programme. The method is based partly on the fission gas 

model LAKU and partly on calculational results from this code. The main fea­

tures of the fast method are: 

1. Calculation of the gas release from the interior of the fuel grains with a sim­

plified model using very large time steps, average values for the gas con­

centrations in the grains, and postulating, as far as possible, equilibrium 

conditions. 

2. The intragranular bubble densities are described with parametric fundians 

derived from LAKU-results. They depend on temperature and grain radius, 

and weakly an the radial temperature gradient. A relaxation function based 

on physical considerations is used for modelling the changing bubble densi­

ties after step changes of the irradiation temperature. 

3. An upper Iimit an the intergranular gas fraction derived from LAKU-results 

and depending on the irradiation temperature is enforced for higher burn­

ups. 

4. The equilibrium intragranular gas concentration is used for lang irradiations 

at constant or nearly constant temperatures. 

The physical model will be outlined in the next chapter. This is followed by a 

presentation of some calculational results, which are compared with the results 

of the LAKU-model. A chapter on the computer realization of the model termi­

nates the presentation. The programme has been called ZEISIG: Zone-wise Esti­

mate on Intragranular Swelling and Intergranular Gas. 
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2. THE PHYSICAL MODEL 

As has been mentioned already, the reactor core is modelled in SAS4A by defin­

ing a number of representative pins (each with its cladding and its share of coo­

lant and structure material, which are of no interest for the fission gas model). 

Each pin is subdivided into several axial nodes, and the radial distributions in­

side the pin are represented by a number of radial nodes for each axial node. 

The fission gas model ZEISIG depends only an local parameters and has thus to 

be called up once per (steady-state irradiation) time step for each radial node in 

each axial node in each representative pin. 

ZEISIG relies an the calling programme for all parameters SAS4A calculates or 

requires as input data for the steady-state preirradiation. The most important are 

the time step length, fuel temperature and radial temperature gradient, grain 

size, fuel porosity and fission gas production rate. The gas released from the fuel 

is also to be provided by the calling programme, since it is calculated by the 

fission gas model of the steady-state preirradiation part in SAS4A, and it is not 

intended to change this part of the model. For a complete Iist of the data to be 

provided by the calling programme see chapter 4. ZEISIG returns to the calling 

programme two data per radial node: The intragranular gas driven swelling and 

the intergranular gas fraction. 

The modelling used in ZEISIG is based an the much more elaborate model 

LA'KU; ·as "has been mentioned already. As far as the modelling in ZEISIG is the 

same as in LAKU, only the main features will be outlined below, but without go­

ing into great detail and especially without discussing those details of fission gas 

behaviour, that are still not very weil understood and for which a number of al­

ternate models exist. The reader who wishes more information is referred to the 

publications an LAKU /1-4/. The main purpose of this chapter is to give a de­

tailed account of those parts of the model that differ from LAKU, i. e. the simplifi­

cations of some parts of the LAKU-model and the numerical approximations to 

LAKU-results. 

2.1. Choice of time steps 

There is, of course, a time step length imposed an ZEISIG by the calling pro­

gramme; this step will be called the external step in the following. ZEISIG does 

not pose any restrictions an the length of the external step, thus performing its 

calculations for any step sizes and irradiation conditions defined by the calling 
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programme. This may have to be changed, if difficulties arise when the code is 

actually coupled to a programme. 

The external time st~p may be sufficiently long for basic changes to take place in 

the fuel. The process of interest for a fission gas model is grain growth, since the 

grain size is one of the fundamental parameters for gas release. Therefore the 

external time step may be subdivided into several internal ones, if the grain size 

changes considerably. This is done automatically by the code. Different internal 

time step sizes are employed for the different radial zones in one cross section 

of the fuel. The grain growth is the only criterion for defining the internal step 

size. When it is zero, only one time step is employed, i. e. the internal time step 

equals the external one. Otherwise the step size is such that the fourth power of 

the grain radius does not change by more than 5% per step (fourth power, be­

cause this corresponds to the law of grain growth contained in the LAKU-model). 

The time steps are chosen in such a way that the 5% change is always just main­

tained; they grow thus slowly due to the detailed form of the grain growth law. 

The 5% Iimit has been varied initially and has proven necessary for arriving at 

adequate numerical results. 

One remark must be made regarding the notation to be used in the following: 

Subscript 0 refers always to the beginning, t to the end of an internal time step; 

subscript i denotes the end of an external time step, i-1 the end of the foregoing 

external time step. 

2.2. ExpHdt ·calculation of the time dependent intragranular gas concentration 

There are two ways of arriving at the intergranular gas fraction I, if the total 

amount of gas remaining in the fuel is known: Either the amount of intergranular 

gas is calculated directly by estimating the gas content of the intergranular bub­

bles and the fuel porosity not linked to the exterior of the pellet (the "closed" 

porosity); or the amount of intragranular gas is calculated and subtracted from 

the total gas retained. The second possibility is chosen in ZEISIG. 

At the beginning of an irradiation, gas formation starts in the fuel matrix, and the 

physical processes determining gas release and gas redistribution in the fuel 

have not had enough time for any equilibrium conditions to be established. 

There are two equilibrium conditions that will be attained, if the irradiation is 

continued sufficiently long at constant conditions: 

1. An equilibrium between the resolved gas being precipitated into intragranu­

lar bubbles and the gas in these bubbles being reintroduced into the fuel 
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matrix by an interaction with energetic fission products. The time for reach­

ing this equilibrium is quite short compared to the duration of a steady-state 

irradiation. Therefore ZEISIG uses the assumption that the equilibrium has 

already been attained at any time during the irradiation. When this assump­

tion Ieads to errors, as may happen for operational transients with large 

temperature changes in time spans of hours, corrections are foreseen (see 

sections 2.5 and 2.7). Thus the usefulness of ZEISIG is limited to steady-state 

irradiations and operational transients, whereas reactor transients with a du­

ration of a few seconds or less can definitely not be treated with the method. 

2. The second equilibrium condition is only being reached after a prolonged 

irradiation at constant conditions: An equilibrium between the gas being 

formed in the grains and the gas being released to the surface of the grains. 

The gas concentration in the grain has then reached an equilibrium value. 

This value is employed, if the irradiation conditions remain constant or near­

ly constant for a lang time, but otherwise the gas release from the grain has 

to be calculated explicitly. 

The explicit calculation of the intragranular gas concentration, employing only 

the first equilibrium condition, is presented first. The calculation of the equilib­

rium gas concentration following from the second equilibrium condition is de­

tailed in section 2.6. 

The basic balance equation relates the time dependent volumetric gas pro­

duction rate, ß, to the intragranular gas in solid solution, c, the gas in intragranu­

lar bubbles, b, arid the gas that has left the interior of the grain, g (g comprises 

the intergranular gas and the gasthat has totally escaped from the fuel): 

t 

Ia ß(t') dt' = c(t) + b(t) + g(t) = G(t) ( 1) 

t time 

G total amount of gas created during the irradiation 

The rate of gas release from the grain is thus 

g(t) = ß - ~(t) - b(t) (2) 

. 
From the equations developed in /1/ for c and band the equilibrium between gas 

precipitation and resolution follows: 
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(3) 

A1, A2 and Z depend on the irradiation conditions, mainly on the fuel temperature 

and the grain size. A1 is the inverse time constant for the release of intragranular 

bubbles to the grain surface: . 

01 time constant for grain boundary sweeping 

02 time constant for pore migration 

03 time constant for steady-state intragranular bubble migration 

The physical processes described by o1 - o3 are sweeping processes that occur 

at intermediate and high temperatures. The amount of gas released by them de­

pends an the irradiation temperature and the grain size for all three. Grain boun­

dary sweeping is a consequence of grain growth. The sweeping effect of pore 

migration depends an (apart from the temperature and the grain size, as already 

mentioned) the amount of fuel porosity and an the temperature gradient, which is 

also an important parameter for steady-state intragranular bubble migration. All 

sweeping processes are treated in LAKU, and their time constants can be found 

in ref. /1/. 

A2 is the inverse time constant for the release of the intragranular gas in solid 

soiution: Ttle release is mainly due to the migration of the atomic gas to the 

grain surface, but at higher irradiation temperatures a small amount is released 

by grain boundary sweeping and pore sweeping. 

1 1 
A2- -:r+-:r+Fa 

1 2 

1/Fa time constant for the migration of resolved gas to the grain surface 

Fa = 15Dgla2 for spherical grains 

0 9 diffusion coefficient of resolved gas 

a grain radius 

Z is a correction for the deviation of the actual space dependent gas distribution 

in the grain from the equilibrium shape /6/. 

The equilibrium between precipitation and resolution can be written as 
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b - cxc 

(X -

n, r number density and radius of intragranular bubbles 

1J inverse resolution time constant 

From eq.'s (2) - (4) follows: 

. 
c+b 

A1cx + A2 Zß-(c+b)Z---
1 +(X 

(4) 

(5) 

(6) 

lf one now introduces the assumption that all time dependent coefficients in eq. 

(6) can be repiaced by suitable average values for a time interval t.t, the solution 

is 

(7) 

~o. b0 initial values of c and b 

c11 b1 values of c and b at the end of the interval 

When the sum c + b 'liäs been calculated, the separate values of c and b can be 

deduced from eq. (4). 

Eq. (7) is the basic equation used for calculating the gas distribution, even when 

the second equilibrium condition is employed afterwards for correcting the re­

sults. Since averaged values for the coefficients are employed, the programme 

has to proceed in the following way: 

1. The external time interval must be subdivided in such a way, that the nu­

merical error introduced by averaging remains acceptable. This Ieads to the 

internal time steps mentioned in section 2.1. 

2. An iteration must be executed in each internal time step in order to arrive at 

sufficiently good values for the coefficients depending on the final results bt 

and Ct (cx does via r; see section 2.4). 
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2.3. Calculation of intragranular gas driven swelling and intergranular gas frac­

tion 

When the calculation of the intragranular gas content has reached the end of the 

external time step, the intragranular gas driven swelling S and the intergranular 

gas fraction I remain to be determined from ci and bi, the intragranular gas in 

solid solution and in bubbles at the end of the external time step.The intragranu­

lar gas driven swelling is the sum of the intragranular bubble volume and the 

amount of swelling associated with the gas in solid solution (2.0. per gas atom): 

s 4n 3 A - n·r· + C·2~.!.L 3 I I I 

nh ri n and rat end of external time step 

.Q. molecular volume 

L Avogadro's number (the gas concentrations are assumed to be given 

in mol/cm 3
) 

The quantity of gas retained in the fuel at the end of the external time step, Q, is 

determined by SAS4A. The quantity of intergranular gas, g~, follows as 

and the intergranular gas fraction is 

S and I are passed to the calling programme. 

2.4. Intragranular bubble number density and radius 

The intragranular bubble size and density have been assumed to be known in 

section 2.2. They are calculated in LAKU from the irradiation conditions and the 

amount of gas present in the grain. This calculation requires, however, much 

smaller internal time steps than those envisaged for ZEISIG, especially for 

changing irradiation temperatures. Therefore a simplified approach has been 

chosen for ZEISIG, by deducing a parametric representation from results of cal­

culations with LAKU. 
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The number density of the intragranular bubbles depends mainly an the irradia­

tion temperature, but also to some extent an the preconditioning (especially 

when the irradiation temperature changes), the grain size and the radial temper­

ature gradient. lt is calculated in two steps. First an asymptotic number density 

nas typical for the actual irradiation temperature is defined. lt depends, apart 

from the actual irradiation temperature T (in °K), an the grain radius a (in cm) 

and the radial temperature gradient VT (in oK/cm): 

with the additional condition 

10t1(T)f2(T)f3(a, a
9
(T)) 

f4(T, VT) 
(8) 

Among the different fundians in eq. (8), f1 contains the main temperature de­

pendence: 

T ~ 1524°K: f1(T) - min(17, 31016.28- ~-:~; ) 

T:::;; 1524°K: f1(T) min(17, 392.32- ·;:; ) 

f2 corrects for details in the temperature dependence: 

T ~ 2023°K: f2(T) - max(.3, 1.- .00125(T- 2023)) 

1723°K < T < 2023oK: f2 (T) - ( 2023- T ) 1 + max 0, .5 
300 

1430°K:::;; T:::;; 1723°K: f2 (T) - ( T- 1473 ) 1 + max 0, .5 
250 

1360°K < T < 1430°K: f2 (T) 1.1 - .1 
IT- 13951 

-
35 

1300°K :::;; T :::;; 1360°K: f2(T) - 1 

T < 1300oK: f2(T) - .5 + max(.1,(T- 900).00125) 

h takes into account the effect of the grain size and depends an, in addition to 

the grain radius, the upper Iimit to the grain size, a9 • This Iimit increases with 

increasing irradiation temperatures; it has been measured an UOz irradiated at 

constant conditions. Though a does not exceed a9 when the irradiation temper­

ature remains constant, it may weil da so under irradiation conditions changing 

with time. This happens, when there is first a time interval at high temperatures 
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leading to fast grain growth, followed by an interval at temperatures that are so 

low, that the limiting value falls below the actual value reached in the foregoing 

interval. - For the numerical value of a9 , see ref. /1/. 

except when T > 1750°K and a9(T) < a; then: 

[ ( 
a9 (T) ) ] min(a, a9(T)) + a9(T) • 2- a - min(a, a9(T)) 

• min(1, max(O, .01T- 17.5)) 

f4 corrects for the effect of the temperature gradient (bubble Iosses due to bubble 

migration in the temperature gradient at higher irradiation temperatures): 

( 
max(O, T - 1500) ) 

f4(T, VT) = .0005 1 + .7VT 
6 4.5 X 10 

This completes the set of fundians needed for calculating the asymptotic bubble 

number density. As a secend step, the number density nt at the end of an inter­

nal time interval is calculated from the number density at its beginning, no, and 

nas with a relaxation function: 

with 

( = .0117 forn0 >nas 

( = '!nß for no < nas 

'!n (not to be confounded with -r 1-T3) is given by 

10max(.725 + .002T, 1.475 + .0015T) 

1 0( -.475 + .oo3r) 
forT~ 1300°K 

otherwise 

(9) 

The bubble number density is thus updated at the end of each internal time step 

with eq. (9). 
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The bubble radius is normally calculated from the reduced Van-der-Waals 

equation, as in LAKU: 

b ( 4n 3 b ) ( 2y ) n RT = 3 r - n w -r- + p (10) 

R universal gas constant 

w Van-der-Waals constant 

y surface tension of fuel 

p pin internal pressure 

A first estimate of the bubble radius at the end of the internal time step has al­

ways to be made at the beginning of this step, in order to define an average val­

ue of cx for the step. Normally r1 = r0 is used as a first approximation. After cal­

culating bt with eq.s (4) and (7), a new value of r1 is deduced from eq. (1 0). lf the 

new value deviates too much from the estimate, the calculation is repeated with 

the new value, and this iteration is performed up to 5 times, if necessary. 

A slightly different approach is taken for the first internal time step after chang­

ing the irradiation temperature. The bubble radius may change very much in this 

case due to the intragranular gas being redistributed into or out of the bubbles, 

and thus r0 may not be a good first approximation for r1• The following empirical 

relation is used under these conditions (with r in cm): 

r = max(5 X 10-8
, min(4.332 X 10-7 -1.4 X 10-10T, -1.09 X 10-7 +2.45 X 10-10T)) 

• ( min(a, a9(T)) )'
8 

.0005 

This value is used only as a first estimate after changing the irradiation temper­

ature, and is replaced by the radius resulting from eq. (1 0) after the first iteration 

in the first internal time step has been performed. 

2.5. Special approximations and corrections 

lt has been mentioned in section 2.2 already, that average values have to be em­

ployed for the coefficients of eq. (6). Among these, Z, A 1 and A2 are only weakly 

time dependent and thus only a small error is introduced by averaging. cx, how­

ever, depends on both the bubble radius and number density which change 

more quickly. lt has been found, that it is normally sufficient to use the average 

value of the product nr at the beginning and the and of an internal time step. A 
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special problern arises for the first internal time step, however, when the irradia­

tion temperature changes. 

Since the initial value of nr is always the one at the end of the foregoing step, it 

relates in this case to the old irradiation temperature. At the beginning of a step 

with a new temperature occur very fast intragranular gas redistributions between 

the resolved gas and the gas in bubbles, that cause the bubble parameters to 

adapt quickly to the conditions posed by the new temperatures. The time needed 

for these changes is so small that there is no large contribution to the average 

value of nr during the redistribution; the gas release from the grain remains 

small, too. Thus the effective quantity of intragranular gas at the beginning of the 

first internal time step, b0 + c0 , is nearly the same as the value at the end of the 

last external time step, bi_1 + ci-h but the value of nr to be used for defining the 

average may differ quite significantly from the known value ni-1ri-1- Calculating ex­

plicitly the initial redistributions costs quite a Iot of computertime in LAKU. Thus 

a suitable estimate for the Iang-term changes of nr in the first interna! time step 

must be found without explicitly employing the values after redistribution. 

This is done by noting that, according to eq. (10) and neglecting the pin internal 

pressure (which for intragranular bubbles is always small compared to the bub­

ble surface tension) and the Van-der-Waals constant (this introduces an error for 

small bubbles, but is otherwise acceptable), nr2 is proportional to b_ ln addition, 

c and b grow or decrease in roughly the same manner; therefore b may be re­

placed by the total intragranular gas content c + b, thus evading the evaluation of 

the initial gas redistribution. With these two facts in mind the following approxi­

mation has been chosen for averaging: 

( 11) 

with subscript t denoting the values at the end of the first internal time step. This 

approximation has been inserted in ZEISIG, compared to results of the 

LAKU-model and found to be sufficient. 

Another problern may arise at medium irradiation temperatures after lang irradi­

ations with changing temperatures. The intergranular gas fraction tends then to a 

small value which the code sometimes is not able to reproduce, due to an accu­

mulation of errors. Therefore the results of the LAKU-model have been analyzed, 

and a maximum intergranular gas fraction lmax is defined, which may not be ex-
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ceeded by the results of ZEISIG. This Iimit is enforced under the following condi­

tions: 

(12) 

co relates to the equilibrium conditions to be presented in the next section. A 

large value of co means that equilibrium conditions have been reached, and a 

correction of the intergranular gas fraction is not necessary in this case, since 

the equilibrium gas concentrations are always sufficiently weil approximated. 

lf the conditions given by eq.s (12) are fulfilled, the maximum intergranular gas 

fraction is deduced from the following considerations: The quantity of gas go in 

"open" fuel porosity (porosity connected to the exterior of the fuel) is, according 

to the ideal gas equation: 

P fraction of fuel porosity 

pP 
RT 

The quantity of intergranular gas, g 11 remains near but somewhat above this val­

ue, under the conditions given by eq.s (12). The approximate value deduced from 

LAKU-results is given by: 

g1 = g0 (1 + max(O, .01(2100- T)(1- 1000G))) 

where G (and also ßt below) are in mol/cm 3 . The upper Iimit for the intergranular 

gas fraction is then given by 

g, 

G 

This value is not realized immediately, if the intergranular gas fraction li_1 at the 

start of an external time interval is above this Iimit (e. g. due to a foregoing irra­

diation at a different temperature). The actual upper Iimit at any timet during the 

external time interval i is therefore calculated from a relaxation relation: 
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Apart from this condition, and at all times and under all irradiation conditions, I 

is always kept within its physically meaningful Iimits, i. e. 0 < I ::::;; 1. 

2.6. Equilibrium values 

As has been mentioned above, the solutions deduced from eq.s (4) and (7) tend 

to accumulate errors, due to the approximations used and the averaging over 

large time steps. The errors become the larger the Ionger an irradiation contin­

ues at constant or nearly constant conditions. This can be corrected, however, 

since these are exactly the conditions for reaching equilibrium gas concen­

trations, which can be calculated with good precision. The technique used in 

ZEISIG is thus the following: At the beginning of an irradiation or after a large 

change of the irradiation temperature, the calculation is performed using only 

eq.s (4) and (7); when the irradiation has proceeded sufficiently lang at the same 

temperature, the equilibrium gas concentration is calculated in addition and 

used for correcting the results of eq.s (4) and (7); the weight of this correction is 

then increased as lang as the irradiation continues at approximately the same 

temperature, until the equilibrium gas concentration practically replaces the sol­

ution of eq.s (4) and (7). When the irradiation temperature changes, the process 

starts anew, but may Iead more early to the equilibrium state, depending on the 

difference between the old and the new irradiation temperature. 

One can deduce from the equation for the equilibrium gas concentration to be 

presented below, that the concentration depends strongly on the irradiation tem­

perature and also on the grain size. lt therefore changes as lang as the grains 

continue growing. The time until equilibrium conditions are reached depends in 

the same way on the same parameters. One can thus expect the approach to 

equilibrium to be quantitatively different for different irradiation temperatures. 

ln the following, the equation for the equilibrium gas concentration is presented 

first. Then the parameter w is introduced, which is used for deciding on whether 

the correction is to be applied. lf it is, w is also used for calculating the weight 

the equilibrium gas concentration is to be assigned. After a somewhat lengthy 

presentation of all equations used for calculating w, the section ends with the 

derivation of the final solution from the result of the explicit calculation and the 

equilibrium gas concentration. 

The equation for the equilibrium gas concentration can be deduced from eq.s (3) 

and (4) by noting, that the amount of gas leaving the grain equals the gas cre-
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ated in the equilibrium case. Thus with g - ß, the following equation results 

from eq.s (3) and (4): 

(13) 

This is an implicit equation for beq, since cx, A1 and A2 depend an the bubble radi­

us r(beq)· lt is solved easily by an iteration with the Newton-Raphson-method. The 

equilibrium gas concentration of the resolved intragranular gas, Ceq, is then cal­

culated from eq. (4). 

The decision an whether the equilibrium gas concentration is to be used for cor­

recting is much more involved. The numerical results are quite sensitive to the 

correction, and thus the criteria were only partly derived from physical consider­

ations. Testing an realistic cases Iead to the addition of rectifications for a num­

ber of special situations. 

The time for reaching the equilibrium conditions depends an Fa, the time con­

stant for the release of resolved intragranular gas. Therefore the quantity w mea­

sures the irradiation time in units Fa. lt depends, as Fa does, an the diffusion co­

efficient of the resolved intragranular gas (and and thus an the irradiation tem­

perature) and an the grain size. 

lf the grain size and irradiation temperature would not vary during an irradiation, 

defining m would be quite straightforward. Assuming the value of w at the start 

of the external time interval, w0 , is known (it may differ from the value at the end 

of the foregoing external time interval, wi_1, see below), wi at the end of the ex­

ternal time step would be given by 

(14) 

w0 value of w at start of first internal time step in an external time step 

~te length of the external time step 

The variable parameters must be taken into account, however. When Fa changes 

from a value Fa,o to a value Fa,io w is renormalized to a value w': 

Fa i 
w' - ()) e --' 

F a,O 
(15) 

15 



Combining eq.'s (14) and (15) results in 

(i6) 

Eq. (16) is used to calculate the increase of w during one whole external time 

step; intermediate values are not needed, because the correction with the equi­

librium gas concentration is only applied at the end of an external time step. 

A secend renormalization must be performed on w at the beginning of each ex­

ternal time step. lf the irradiation temperature in the foregoing external time in­

terval has been the same as in the one to be calculated, the value of w is kept 

constant, i. e. w0 = wi_1• lf the irradiation temperature is changed, w0 has to be 

different from wi_ 1, too. 

The formaiism for deciding on an appropriate vaiue of w0 will be first expiained 

for low irradiation temperatures. This is the only case when the old value of w 

needs not to be taken into account for estimating the new one. At low temper­

atures the bulk of the intragranular fission gas is in solid solution in the fuel ma­

trix, i. e. the gas in intragranular bubbles can be neglected. The equilibrium gas 

concentration can then be directly written down /1/: 

(17) 

The effective gas concentration c0 at the beginning of an external time step at low 

temperatures is the sum ci_1 + bi_ 1 at the end of the foregoing step, since any bub­

ble gas can be assumed to be quickly transferred back into the fuel matrix due to 

resolution. w0 is interred from the difference between Ceq and ci_1 + bi_ 1, using 

(18) 

Combining eq.s (17) and (18) yields: 

( 
(ci-1 + bi-1)F a ) w

0 
= - ln 1 - ___ ß __ _ (19) 
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This formalism for calculating Wo is used for irradiation temperatures up to 

1700°K; beyond this temperature the intragranular bubble gas component be­

comes important and the equations following below are employed. lt may also 

happen at low but rising irradiation temperatures, that ci-1 + bi-1 > Ceq; then the 

programme switches also to the following formalism. 

When gas precipitation and resolution start playing a significant role, the equilib­

rium gas concentration cannot be so easily calculated, but c + b remains propor­

tional to the gas production rate ß and inversely proportional to Fa; Fa consists of 

a term depending on the grain radius, which remains constant upon changing 

the irradiation temperature, multiplied by the gas diffusion coefficient. One can 

thus try to approximate the change of the equilibrium gas concentration by (with 

subscripts i-1 and i denoting the values in the foregoing and the actual external 

time interval): 

(20) 

!n addition, an equation linking the actual and the equilibrium gas concentration 

with the value of w at the end of the foregoing time step, wj.1, and at the begin­

ning of the actual time step, w0 , is postulated, analogaus to eq. (18): 

C· 1 + b. 1 1- 1-

Ceq(Ti-1) + beq(Ti-1) 

ci-1 + bi-1 

Combining eq.'s (20) and (21) and solving for w0 yields: 

w0 = - ln(1 -V) 

with 

V = (1 - e- wi·1)V' 

(21) 

(22) 

V may become bigger than 1. This happens easily, when the irradiation temper­

ature increases, since the equilibrium gas concentration decreases in this case 

and may fall below the value of c + b attained in the foregoing time interval. The 
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equilibrium is then approached from bigger values and not from smaller ones, as 

is the rule. lt has been found suitable to replace V by 1/V in this case. - lf V (or 

its inverse value for V>1) exceeds the Iimit .9999546 = 1-e-10, Wo is assigned the 

value 10 for numerical reasons; at values of w exceeding 10 the equilibrium gas 

concentration practically replaces the numerical results, and the further growth 

of w needs not to be treated in detail, anyway. 

So far the physical considerations for calculating w have been presented. They 

were tested in ZEISIG, and though they give quite sensible results in many cas­

es, it turns out that a number of correction are necessary for special situations. 

The first two are applied only if T>1700°K or V>1: 

lf wi_1 > 3 and w0 < wi_( w0 = w0 +1.5 'Vwi_1 -3 

( 
3 IV'2-21 ) lf Ti_1 < Ti and V > 1 and V' < 3: w0 = wi_1 2 + 

The following corrections are always applied: 

lf Ti_1 <Ti and w0 > wi_1: w0 = min(w0, wi_1 x min(3, V')) 

lf Wo < Wmin: Wo = Wmin 

lf w0 + ~tf a,o ~ 2 and wi < 2 and G{t) >50 ,umol/cm
3

: wi = w0 + ~tf a,o 

The minimum value of w used above is given by: 

Wmin = 2.3 
a

9
(T) 

lf V > 1 and w0 < wi_1 and a > agT: wmin = 2.3 • a 

lf T ~ 1600°K or G(t) < 20 ,umol/cm3
: wmin = 0 

linear increase of wmin from 0 to 2.3 resp. 2.3 • 

in the intervals 1600°K < T < 1700°K 

and 20 ,umol/cm3 < G(t) < 70 ,umol/cm
3 

a9(T) 
a 

This completes the equations applied for the calculation of w. With the value of w 

at the end of the external time step established, the decision on whether the sol­

ution of eq.s (4) and (7) is to be corrected can be taken. No correction is to be 

applied for small values of w; therefore a value w1im is defined, which has to be 

exceeded by w, before any correction is made. wlim can be expected to lie be­

tween 2 and 3, since 2-3 times its time constant should be sufficient for a process 

to approach its equilibrium (for an exponential approach to equilibrium, 2-3 times 
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the time constant corresponds to a deviation between 13 and 5%). Testing estab­

lished, in fact, a value of 3 for lower and 2 for higher temperatures; the exact 

temperature dependence of wlim used in ZEISIG can be deduced from the figure 

below. 

When w exceeds wlim, the eqUilibrium gas concentration is used for correcting; 

this is done by suitably weighting and adding the two solutions. The weight of 

the equilibrium gas concentration should grow with growing w. A temperature 

dependent interval wint is used for this purpose, which determines, tagether with 

w and wlim, the weight of the equilibrium solution. The numerical value of wint has 

been arrived at in the same way as that of wlim and is also shown in the figure 

below. lt is to be noted, that wint equals wlim for very high and very low temper­

atures, but that a much larger value has to be used in the intermediate region. 

This is probably due to the establishment of equilibrium conditions being re­

tarded by grain growth effects. 

Tamperature dependent parameters for using equilibrium solution 

omega-llmit/-interval 
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The weight of the equilibrium solution in the correction is defined by 

( 

(I) - Wlim ) W = 1 - exp - -----
2wint 
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Note that W = 0 for w = WHm. and that W approaches 1 for increasing w. The cor­

rected solution is given by 

ci, bi values of c and b at the end of the external time step 

Ct. b, values of c and b at the end of the last internal time step 

After correcting the sum c + b, eq. (4) is again used for deriving the individual 

values of bi and cj. 

2.7. Gorreetions for steps in irradiation temperatures 

Steady-state irradiations include not only time intervals at constant conditions 

but also operational transients. These cause shorl-time changes to the gas dis­

tribution, which are modelled by LAKU but not by ZEISIG, due to its reliance on 

lang time steps and equilibrium conditions. An approximate treatment of these 

effects is warranted whenever they influence the lang-time behaviour of the gas­

es. 

One of the effects has been mentioned already in section 2.5: The redistribution 

of the resolved intragranular gas and the gas in intragranular bubbles and the 

resulting change of the bubble parameters n and r. Three other shorl-time effects 

due to temperature changes have to be included in the model in order to arrive 

at acceptable results. 

The first effect occurs for increasing irradiation temperatures. ln this case the 

pressure in the intragranular gas bubbles is also increased, and this excess 

pressure is only relaxed gradually due to bubble growth. According to the 

LAKU-model the bubbles have an enhanced mobility as lang as their excess 

pressure persists. This may Iead to an enhanced release of intragranular bub­

bles for sufficiently fast temperature ramps to higher temperatures. The quantity 

of intragranular gas released in this way is normally not very large, but the bub­

bles arriving on the grain faces may interlink and cause venting of parl or even 

all of the intergranular gas, thus decreasing the intergranular gas fraction. The 

whole process takes, typically, only seconds or minutes and can thus be mod­

elled as an instantaneous gas release for the purposes of the ZEISIG-model. 

The model for calculating the number of intragranular bubbles released and their 

gas content has been transferred practically unaltered from LAKU to ZEISIG (its 
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details can be found in /2/). The ensueing release of intergranular gas is then 

calculated by using a simple approximation of LAKU-results. A temperature de­

pendent Iimit to the intragranular gas released, ~(b + c)Hm is defined: 

A(b + ) 1 5 1/ 3 forT _< 1550°K Ll c lim . ,umo cm 
' 3 

- 1.5 + .01 (T- 1550) ,umol/cm for 1550°K < T < 1700°K 

- 3.0 ,umol/cm3 forT~ 1700°K 

The intergranular gas release fraction R1 as a function of the actually occurring 

intragranular gas release, ~(b + c), is: 

0 

2 
__ ~_(b_+_c )_ 

~(b + c)lim 
1 

for ~(b + c) ~ ~(b + c)lim 

for ~(b + c)lim < ~(b + c) < 2~(b + c)lim 

for ~(b + c) ~ 2~(b + c)lim 

The secend and third effects both occur for decreasing temperatures; they con­

cern the number density of the intragranular bubbles and the gas release during 

the initial readjustment of the equilibrium between precipitation and resolution. 

The intragranular bubble number density tends - asymptotically - to higher val­

ues as temperatures decrease (except for very low temperatures). There is, how­

ever, an initial decrease of the bubble number density for decreasing temper­

atures, which is due to a sharp decrease of the term for bubble formation. The 

way it is modelled in LAKU, this term depends on the diffusion coefficient for 

resolved gas - which decreases strongly with temperature - and on the square of 

the concentration of the resolved gas. The resolved gas concentration may expe­

rience some quick initial growth due to bubble gas resolution, but its further 

growth to values offsetting the decrease of the diffusion coefficient occurs only 

gradually with the time constant of fission gas formation. There is therefore an 

initial shorl time interval after a reduction of the irradiation temperature during 

which the bubble number density may decrease. 

The equation for the shorl term formation and destruction of intragranular bub­

bles is deduced from the model employed in LAKU /1/: 

(23) 

ns number of potential bubble sites 
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Aco is time dependent and is the short-term increase of the resolved gas due to 

resolution of bubble gas. Resolved gas is quickly precipitated back into the bub­

bles at temperatures above 1750°K, and thus Ac0 can be approximated by 0 in 

this case. The resolved gas component starts growing gradually at temperatures 

below 1750°K, and the precipitation back into the bubble becomes small below 

1400°K. Furthermore Ac0 decreases, when the difference of the old and the new 

irradiation temperature decreases. The time constant for resolution is 1117. With 

all this in mind, and neglecting the increase of the resolved gas due to fission 

gas production, which is much slower than the precipitation-resolution proc­

esses, Ac0 is approximated by: 

(24) 

There is no need for· solving eq.s (23) and (24) explicitly. The time constant for 

Ac0 to reach its asymptotic value is 1117; with a typical value of 10-4 s for 17, this is 

normally much smaller than the external time interval. The time constant for the 

changes in n is 1117 or less, as is evident from eq. (23). lt is thus sufficient to 

replace Ac0 in eq. (23) by its final value b0F and to calculate the asymptotic value . 
of n, noo, from eq. (23) with n = 0. The result is: 

with 

The correction to be applied to the bubble number density at the beginning of 

the external time interval is 

An = min(O, noo- ni_1)(1 - 1 /V') 

ni-1 bubble number density at end of foregoing external time step 

The factor (1-1/V') has been added to ensure, that the correction reduces to zero 

for identical irradiation conditions_ This may not happen automatically, because 

ni-1 is the result of the approximations described in section 2.4, which may not be 
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totally consistent with eq.s (23) and (24); also, these two equations are them­

selves approximations. (1-1/V') is practically 1 for strongly differing irradiation 

conditions. 

The correction ~n is applied to the bubble number density before calculating the 

first internal time step, if this step exceeds 2117. lf it does not, the correction is 

distributed linearly over several internal time steps, until the total time exceeds 

2117. lf the external time step is less than 2117, the correction is reduced accord­

ingly. 

The third effect concerns the gas release during the time needed for establishing 

the equilibrium between precipitation and resolution. This effect is not covered 

by the treatment developed in section 2.2, which works with the assumption that 

the equilibrium has already been established. The additional gas release aceur­

ring initially after a decrease of the irradiation temperature is 

. 
g = -b(1 - Z) 

This is approximated in ZEISIG by 

The sum Ct + bt is diminished by this quantity after calculating the gas behaviour 

in a time step, whenever the temperatures have changed from the foregoing 

step. 
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3. COMPARISON OF RESUL TS FROM ZEISIG AND LAKU 

A comparison of the results of the code with the results of the Karlsruhe model 

LAKU will be presented for five test cases. All cases are calculations for one ax­

ial cut through a pin, with the irradiation temperatures depending an the radial 

position in the pin. The first case is the base calculation at constant temper­

atures, whereas all other cases are modelled an real reactor irradiations. 

3.1. Irradiation at constant temperatures 

The first case is an irradiation with temperatures and gas production rates re­

maining constant in time, up to a 1 Oat% burnup. The pin internal pressure in­

creases slowly. Three variants are calculated, which are referred to as "cold" 

(fuel temperature 1579°K at pin center, 922oK at the surface), "medium" (2000°K I 

I 1001°K) and "hat" (2360°K I 108rK). 10 radial nodes are employed. The ex­

ternal time step sizes vary from 7.5 days at the beginning of the irradiation to 15 

days after 1at% burnup. - The following figure shows the time dependent radially 

averaged intergranular gas fraction as calculated by the LAKU-model (marked 

"exact") compared to the results of the ZEISIG-routine (marked "app."). 

LAKU-results and approximation for three radial cuts 
irradiated at time-independent temperatures 

Mean intergranular fraction 
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The intergranular gas fraction, as calculated by LAKU, exhibits always the same 

behaviour: There is an initial rise corresponding to the accumulation of gas on 

grain faces and in pores; then gas starts to be released due to the interlinkage of 

pores and grain face bubbles, and the intergranular gas fraction drops to an 

equilibrium value. 1t is obvious from the figure, that ZEISIG is very weil able to 

reproduce these results. 

The next four figures show the radial distribution of the intergranular gas fraction 

and the intragranular gas driven swelling for the "medium" case, at 5 and 1 Oat% 

burnup, again as calculated by LAKU and ZEISIG. The agreement is satisfactory. 
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3.2. Varying temperatures: Low burnup, low final temperatures 

The second case has 20 time intervals with varying temperatures and gas pro­

duction rates, up to a 3.3at% burnup (the CABRI-1 Rig2 irradiation /7/ near the 

hattest axial node is employed as a model for this case). Medium to low temper­

atures characterize the irradration with only a few short intervals at higher tem­

peratures at the beginning. 7 radial nodes are employed. The external time step 

size is kept below 14 days, with smaller step sizes at the beginning of the irradia­

tion. 

The next two figures show the time dependent temperatures at the inner and the 

outer surface of the fuel, and the corresponding time dependent radially aver­

aged intergranular gas fraction as calculated by LAKU and ZEISIG. The inter­

granular gas fraction exhibits the same basictime dependent behaviour as in the 

case of constant temperatures, with a few spikes reflecting the time intervals at 

high temperatures. 
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LAKU-results and approximation for one cut irradiated 
at varying tem.peratures to a burnup of 3.31. 
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The radial distribution of the intergranular gas ~raction and the intragranular gas 

driven swelling at the end of the irradiation are shown in the next two figures. 

LAKU-results and approximation after Irradiation 
at timo-dependent Iamperatures up to 3.3:t burnup 
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The agreement of the ZEISIG-results with those of LAKU is very good. 
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3.3. Varying temperatures: Medium burnup, temperature ramp at end of irradia­

tion 

The third case has again 20 time intervals with varying temperatures and gas 

production rates, up to a 4.6at% burnup (the CABRI-1 Rig3 irradiation /7/ near 

the hattest node is the model for this case). The temperatures vary between high 

and medium for this irradiation, with a sustained temperature rise at the end. 10 

radial nodes are employed. The external time step sizes are below 7 days during 

the whole irradiation, and remain below 3.5 days during the final ramp. 

The time dependent temperatures and averaged intergranular gas fraction are 

shown in the next two figures. There is a gradual increase of the intergranular 

gas fraction at the end of the irradiation due to the rising temperatures, which 

ZEISIG is weil able to reproduce. 
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Irradiation temperatures at pellet center and surface 
for 4.61.-burnup case with varying temperatures 
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LAKU-results and approximation for one cut irradiated 
at varying temperatures to a burnup of 4.61. 
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The radial distribution of the intergranular gas fraction and the intragranular gas 

driven swelling at the end of the irradiation are shown in the next two figures. 

Much gas has been released during the final temperature rise, and thus the in­

tragranular gas driven swelling is very low everywhere except in the outermost 

node. What little gas remains resides mainly on the grain surfaces, and therefore 

the intergranular gas fraction is very high in all radial nodes except the outer­

most one. 

LAKU-results and approximation after Irradiation 
at tima-dependent Iamperatures up to 4.87. burnup 
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The results of ZEISIG agree again very weil with those of LAKU. 

3.4. Varying temperatures: High burnup, mediumternQeratures 

The fourth case is an irradiation with 10 time intervals with varying temperatures 

and gas production rates, up to a 10.5at% burnup (the CABRI-2 Viggen-4 irradia­

tion /7 I near the hattest node is the model for this case). The temperatures vary 

between high and medium, with medium temperatures at the end of the irradia­

tion. 8 radial nodes are employed. The external time step sizes remain below 10 

days for the whole calculation. 

The time dependent temperatures and the averaged intergranular gas fraction 

are again shown first: 
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Irradiation temperatures at pellet center and surface 
for 1 0.5l-burnup case with varying temperatures 

Tem(;!eratura (c) 
2,500 

2,000 - center 

.... surface 

1,500 

........... 
1,000 .......... ·················· .. ...... ...... · ...... . 

. ........ · 

0 1 00 200 300 400 500 600 700 800 900 
Irradiation time (d) 



LAKU-results and approximation for one cut irradiated 
at varying temperatures to a burnup of 1 0.5l 
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This case exhibits the basic behaviour discussed in section 3.1 and thus presents 

no problern for ZEISIG. Below follow the radial distributions at the end of the ir­

radiation: 

LAKU-results and approximatlon after Irradiation 
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The agreement is very good. lt should be mentioned here however, that there is 

as yet no model for the development of the outer rim region at high burnups in 

LAKU and also not in ZEISIG, which follows the LAKU-model closely. The inter-
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granular gas fraction as calculated by ZEISIG for this case is therefore probably 

too low in the outermost nodes. The same is probably true for the next case. 

3.5. Varying temperatures: High burnup, medium temperatures, many temper­

ature changes 

The last example is an irradiation with 42 time intervals with varying temper­

atures and gas production rates, up to an 8.2at% burnup (an irradiation in the 

German KNK-reactor /8/ is the model for this case). The temperatures are mostly 

moderate. This is the most complicated irradiation history comprising many tem­

perature changes and short time intervals. 10 radial nodes are employed, and 

the external time step sizes remain below 6 days. 

The next two figures show the time dependent temperatures and the radially av­

eraged intergranular gas fraction. 
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LAKU-results and approximation for one cut irradiated 
at varying temperatures to a burnup of 8.21. 

Mean intergranular fractlon 
0.50 

0.40 

0.30 

0.20 

0.10 

~ 
~ 

0.00~--~--~--~--~--~--r---~--~~--~--~---. 

0 50 1 00 150 200 250 300 350 400 450 500 550 600 
Irradiation time (d) 

The agreement is excellent. The radial distribution of the intergranular gas frac­

tion is also weil predicted, as can be seen in the first of the next two figures, and 

the agreement for the intragranular gas driven swelling is excellent, as in the 

foregoing cases. 

LAKU-results and approximatlon after Irradiation 
at lime-dependent temperalurt~s up to 8.U burnup 

Intergranular fraatlon 

o. 

0.30 

D.:W 

0,10 

·············· 
D.OO+-----,-----,---..--r---r---. 

.000 .050 .100 .150 .:wo .250 .300 
Pellet radlu11 (cm) 

LAKU-results and approxlmation after Irradiation 
at tima-dependent temperatures up to 8.2:l burnup 

lnlr'l_'l,l;onular ga111 drlv111n mwalllng 

3.50 

3.00 

2.50 

2.00 

1.50 

1.00 

0.50 

n.oo 
.DDD .050 .100 .150 .:wo .250 .300 

Pellet radlu11 (cm) 

When all results are taken together, it can be stated that the model is very weil 

able to reproduce the results of the LAKU-model. 
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4. PROGRAMMING CONSIDERATIONS 

The model depends on the results of the calling programme (e. g. SAS4A) for the 

following parameters: Total gas produced, total gas retained in the fuel, grain 

size, fuel porosity, pin interneil pressure at beginning and end of time step, mean 

fuel temperature and radial temperature gradient during the time step, mean fuel 

temperature in the foregoing time step, creation rate of gas, time step length. 

lt returns to the calling programme: Intragranulargas driven swelling, fraction of 

intergranular gas. 

Storage to be reserved per spatial point to be calculated: At present 19 floating 

point variables, if iterations in time are required, 12 otherwise. 

CPU-time for: 1 channel with 20 axial nodes, 10 radial nodes in the fuel, 500 d 

irradiation in 10 h-time steps: "'1 00 s on an IBM-3090. 

Gain in computer time, compared to LAKU: A factor of 40-80, depending on the 

case. 

Length of programme: "'600 FORTRAN-statements. 

Present status: The routine has been prepared for insertion into SAS4A, but a 

routine organizing the transfer of data from and to SAS4A remains to be written. 
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5.CONCLUSIONS 

The fast-running code ZEISIG has been developed on the basis of the more elab­

orate fission gas behaviour model LAKU, with the aim of improving the fission 

gas modelling in the preirradiation part of the SAS4A reactor accident model. 

The results of the LAKU-model can be very weil reproduced by the new model. 

The coupling to the SAS4A-code remains to be performed. 
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Table of symbols: 

A, inverse time constants for the release of intragranular bubbles 

A2 inverse time constants for the release of intragranular resolved gas 

a grain radius 

a9 upper Iimit on the grain size 

b gas in intragranular bubbles 

beq equilibrium value of b afterlang times at constant conditions 

bi bat end of external time step 

bi-t bat end of foregoing external time step 

b, b at end of an internal time step 

bo bat beginning of an internal time step 

c intragranular gas in solid solution 

Ceq equilibrium value of c afterlang times at constant conditions 

ci c at end of external time step 

ci-t c at end of foregoing external time step 

c, c at end of an internal time step 

Co c at beginning of an internal time step 

~Co short-term increase of c0 after decrease of irradiation temperature 

0 9 diffusion coefficient of resolved gas 

Fa inverse time constant for the migration of resolved gas to the grain 

surface (excluding sweeping effects) 

Fa,i value of Fa at end of external time step 

Fa,o value of Fa at beginning of external time step 

fd4 fundians for calculating the asymptotic bubble number density 

G total amount of gas created during the irradiation 

g gas released from the interior of the grain 

g, quantity of intergranular gas 

go gas in open porosity according to ideal gas equation 

intergranular gas fraction 

h-t inteigranular gas fraction at end of foregoing external time step 

lmax maximum intergranular gas fraction 

L Avogadro's number 

n number density of intragranular bubbles 

nas asymptotic bubble number density of intragranular bubbles 

ni-t n at end of foregoing external time step 

ns number of potential bubble sites 

n, n at end of internal time step 

no n at beginning of internal time step 

P fraction of fuel porosity 
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p pin internal pressure 

R universal gas constant 

r radius of intragranular bubbles 

n-1 rat end of foregoing external time step 

rt rat end of internal time step 

T irradiation temperature 

Ti irradiation temperature in external time interval i 

Ti-1 irradiation temperature in forgoing external time interval 

VT: temperature gradient 

t time 

f1t length of internal time interval 

f1te length of external time interval 

V' factor measuring the difference in irradiation conditions, see eq. (18) 

w Van-der-Waals constant 

Z correction for the time constant 1/Fa 

a factor relating the time constants for precipitation and resolution 

ß gas production rate 

y surface tension of fuel 

( relaxation parameter for bubble number density 

Y/ inverse resolutiontime constant 

Tn relaxation parameter for bubble number density 

-r, time constant for grain boundary sweeping 

-r2 time constant for pore migration 

T3 time constant for steady-state intragranular bubble migration 

Q molecular volume 

w factor measuring the approach to equilibrium 

wi w at end of external time step 

wi- 1 w at end of foregoing external time step 

wint. wlim parameters for calculating weighting function from w 

Wmin minimum value of w 

Wo w at beginning of external time step 
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