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Summary
COMTA is a generalised computer code for integrity analysis of the free
standing fuel cladding, with natural U()2 or mixed oxide fuel pellets. Thermal and
Mechanical analysis ie done simmltaneously for any power history of the fuel pin.

For analysis, the fuel cladding is assumed to be axisymmetric and is subjected
to axieymmetric load due to contact pressure, gas preseure, coolant pressure and thermal
loads, Axial variation of load is neglected and creep and plasticity are assumed to occur
at constant volume, The pellet ie assumed to be made of concentric annuli, The fission
gas release integral ie dependent on the temperature and the power produced in each

annulus,

To calculate the tewperature distribution in the fuel pin, the variation of
bulk coolant temperature is given as an input to the code. Gap condustance is calculated
at every time step, considering fuel densification, fuel relocation and gap closure,
filler gas dilution by released fission gas, gap closure by expansion and irradiation
swelling. Overall gap conductance is coniributed by heat transfer due to the three modes;
conduction convection and radiation as per modified Ross and Stoute model, Equilibrium
equations, compatibility equations, strese strain relationshipe (including thermal strains
and permenent strains due to creep and plasticity) are used to obtain triaxial stresses
and strains. Thermal strain is assumed to be zero at hot zero power condition. The
boumdary conditions are obtained for radial stresses at outside and inside surfaces by
making these equal to coolant pressure and internal pressure respecti wly, A multi-
mechanism creep model which accounts for thermal and irradiation creep is used to calculate
the overall creep rate. Effective plastic strain is a function of effective stress and

material constants,

For experimental verification of the computer code en irradiation programme
ies in progress in a thermal reactor inpile loop at BARC., The code has been cormissioned

and is being used to study fuel pins with various types of power histories. The results
of analysie of two fuel pine operating with same power history is given.



1,0 Introduction:

COMTA is a generalised computer code for integrity amlysis of free standing cladd-
ing with pelletised fuel for thermal reactors, It is possible to use the code for both
design and anslysis of fuel pins with uranium oxide and mixed oxide fuel péllets.
Thermal and mechanical analysis is donme simnltaneously for any power history of the
fuel pin.

2,0 The Analytical Model:

2,1 Basic assumptions :
The fuel cladding is aseumed to be axisymmetric (ovality is not accounted for)

and ie subjected to axisymmetric load due to coolant pressure, gas pressure, contact
pressure and thermal loads. The calculations are performed far enough from the ends
(at peak heat flux regions), so that the discontinutty effects are negligible. Axial
variation of thermal and contact loads are considered to be negligible, Creep and
plastic deformations are assumed to occur at conatant volume, The fuel pellets are
assumed to be made by concentric annuli and the fiesion gas release integral is depend-
ent on the temperature and power produced im each annulus,

3,2 €alculations for temperature distribution:

Variation of bulk coolant temperature with heat flux and variation of heat tran-
sfer coefficients with power are takenm as inputs to the code. Thermal conductivity of
fuel pellete are dependent on the average temperature in the various annuli, The temp-
erature dependent relationship for thermal conductivity of pellets, based on a
reference density, is modified to account for the actual density of the annuli.

Gap conductance ie calculated at every iteration for the three heat transfer
modes based on wodified Ross and Stoute model (Ref.1 & 2), Gap conductance due to eolid-
solid contact is dependent on hardness of contact surfaces, contact pressure, surface
roughnesees, harmonic mean thermal conductivity of the fuel and clad, Convective gap
conductance is dependent on composition of gas mixture, surface roughnesses, temperature
jump distance and fuel-cled gap. The thermal conductivity of the gas mixtwe is depend-
ent on the proportion of various gases and are teuwperature dependent functions,
Contribution due to radiation heat transfer in gap conductenmce is also accounted for.
Fuel volume ie dependent on thermal expemsion, irradiation swelling, fuel densification
(which depende on grain growth rate constant, volumetrie fission rate, irradiation
induced diffusivity etc.) and fuel relocation (initially a constant and then dependent
on exposure), Fission gas pressure is calculated by assuming generation to be 0,3 gae
atoms/fission and release to be 4%, for those annuli with temperature below 1660°C and
100%, for those annuli with temperature above 1650°C. Other material properties like
Poissone ratio {( T ), Young's Modulus (E), thermal conduetivity, coefficient of

expansion ( o£ ) arc taken as temperature dependent functions.

2,3 (alculations for Stresses and Strains:

A8 the three normal components of stresses and the three longitudinal components
of the total strain di ffer from zero and are functions of the radial coordinates only,

the equilibrium equation in radial direction 1s given by
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where (3 , Op are the stresses in the radial and circumferential direction and r
is the radiue,
The continuity equations and stress—strain relations; accounting for thermel,
elastic, plastic and creep strains; are as follows :

Gr=jr’€e=—ur‘, €z = A3 e (2)

ad g = ;!E—[o'r-v(o"e +o"z)] +cX T + €Eve
€o =+ [06—U (0r +02)] +XT +Esc

€= =_%:_ [ox —-v (ov +c‘e):| 4+ AT +E2C +vee (3)
where ¢~ and ¢ denote the stresses and straine and the suffixes ¥, O and Z
denote radial, circumferential and axial directions. Suffixes, yc, Q¢ and ZC
denote the permanent components, in Y, end Z directions., T is the temperature
difference between the hot zero power clad (reference state) and the actual temperat-
ure at which calculations are conducted.

The permanent straine are given by :

% [ov-o05 (oa+0%) ]

Cre

Cec =%‘f—[0”e -0-5 (0% +07)]

€Ezc= f,_:c [:o’z — 0.5 (o7 +o‘z)'_\ ceee (4)

where ectc is the equivalent permanent strain and ()’gq’ is the equivalent stress,
The equivalent stresses and strains are calculated by using deformation energy

theory and are given by ;

2
Oeq

05 [(0F ~03 )+ (06 - 03)* + (0% — 0%)7

€eq = 5 [(er-€o) t(o-€a)+(Ex-€EN"] or ®

Again as permanent strains due to creep and time independent plasticity are

assumed to occur at constant volume they eatisfy the equation

€Eve + Coc + €Ezc =0 veee (8)
The time independent plasticity law used in this code is of the type ;
N
€P = Mo—ed' : ceas (7)

where ep ie the time independent equivalent plastic strain; M and N are material
constants based on (Ref,7),
Creep equation used in this code is based on multimechanism creep model and is

dependent on temperature, fast meutron flux (7> 1Mev) and stress level (lief .6).
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The final equations for stresses and strains are obtained by using

equations (1) to (7) and are as follows:

Or =V +

E

e (Gy“évc)
Jo =Y + 4= H.U. (€o— €6c)
sz =y \+'U' Ce?. eZC)

where Y = I-?.'U’[l+'U" (ev+€e +€1) —O(T:l AP ()

ad €y =G [T P]+H[Gyc+—2———]+A|—A'L

rz
ComrsTarr] + A+ Az
YT
€y = As
where G - o oo | -2u
“ e T
|
P=— j;owrdv, o= [‘Y(Grc+€ec)dv
R = "evc— Egc vees (9)
‘/;.' r dr

where h- is the inner cladding radius, The integration constants A1, A2, AJ are
determined using the following boundary conditions :

(Jr) Yo = — P cootawt 5 (OF) v, =~ (Pgas + Pco-ntact)

r
and _/; OO'_Z rdr = 05 ( Pgas Y';z — Pcoolant r‘;l)+ Fcontact ,... (10)

where P denotes pressure, F denotes force amd Y, is the outside cladding radius,
in the absence of physical contact between cladding and fuel pellets
Pcontact and [ contact are zero and during interaction these two perameters are
determined as follows :

Peomtact = Cy (Yfuel — rcla.d)

F contact =CZ(Ez.fuc|— e-z (_\qd> vese (11)
where v, el and y clad denote the fuel and inner clad radius in the case of
unrestncted deformation and €; fuel and € zclad are correeponding strains in
axial direction, Cy and Cz are interaction constants and are dependent on fuel ad
cladding, temperatures and dimensions at the instant of interaction.

C, is calculated by assuming fuel to have a plastic core of the diameter
corresponding to the temperature distribution and exposure, and it interacts with

a hollow outer tube (cladding). Both fuel and cladding are assumed to undergo
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deformation due to fuel clad differential expansion, The following equation is used

to calculate C, and is based on stress-strain relation for a thick cylinder,

C

14

eeee (12)

where "fa is the actual fuel radius at that instant, Yp denotes the radius at which

elastic zone of fuel begine and is dependent on temperature distribution,

Again E eqcl 5 Eeqg s Ueqcl ;Ueqs are the equivalent Young's moduluses and

Poissons ratios for clad and fuel, and are evaluated as follows :

L=M¢ L= nge
By -t EctAc oo 2 2_E i Agi
€qe A eqf — A}
[
izn, i:nh
Ueael = 121> Ul Act , Ueqs ___£=|ZU 51 Asi
el =
¢ Ac A;

eees (13)

where Eci ,E4; > Uty ,Uy; are the cladding and fuel young's Modulue and Poissons'
ratio corresponding to the average temperature in the particuler annulus (cladding or
fuel) under consideration.Aci, A;; are the areas of the fuel aml cladding annuli
where fuel elaestic zone is divided into My, number of annuli and cladding into w¢
number, A¢ and Aj; refer to the total area of cladding and elastic fuel. For Ca
calculation aleo, fuel is aspumed to have a plastic core of the dimeter correspond-
ing to temperature distribution and both fuel and cladding undergo deformation due to
fuel clad differential expansion. Cga is given by the following equation :

_ \ \
CE _[Eeq,cl Ac + E:q; A{,]

+

3

T e Eeqel cere (14)
where L. and t; denote the cladding and fuel elastic zone thickness. The second
term in the above equation is due to bending and ie important for small diameter fuel
pins with thin cladding. Inclueion of the bending term in modelling results in lower
value of Feontact and way or may not give conservative results depending on the
other variables, To account for fast power ramps the material properties are taken
from the values corresponding to the beginning of the ramp and dimensione are besed
on the conditions at the end of the ramp. This approach results in higher values of

Cy and Cz o
3,0 Solution of the equations:
The temperatures, stressee, straine etc. are calculated at all the node points

of the cladding; temperature distribution is also calculated at all the node points
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of the fuel for every point of the input power history. Briefly the step by atep

calculation procedure adopted in the code is as follows:

3,1 From the coolant temperature, heat tranefer coefficient and heat flux input the
cladding temperature distribution and properties are calculated and are converged

by bisection method,

3,2 Assuming a fixed value of gap conductance fuel temperature distribution fuel
material properties, densification and relocation parameters, fission gas release,
gas pressure, gap conductance etc. are calculated and are converged by bisection
wmethod,

3,3 Cladding and fuel mechanical properties are calculated for each annulus using the

average temperature for that annulus,

3.4 Equations (12) to (14) are used to calculate interaction constants using the
material properties for fuel and cladding based on the average temperature of

the annuli.

3.6 Contact pressure and contact force are calculated by using assumed value of € e,
€, and equation (11), which are substituted in equation (10) to get the boundary

conditions,

3.6 Aesuming some values for permanent strains, constants AJ, A2, A3 in equation (9)
are calculated by the solution of linear equations by Gaussian method, The stresses
and strains are calculated by equation (8) and (9) which are substituted in

equation (5) to find the equivalent stresses and strains,

3,7 Equivalent stresses are used in creep and time independent plasticity equations to

compute the permanent strains at each node.

3.8 The permenent strains, calculated in 3,7, are matched with the assumed values in
3.8, €, and €gc are converged by Newton Raphson method (Ref,5), Iu thie method
convergence is strongly dependent on the values of the partial derivatives of the
functions which are calculated by finite difference method, The accuracy of these
derivatives depend on the increment of variables. This increment is varied in the

code for every itereation to achieve accuracy and convergence.

3.8 €o and Ez are used to calculate contact pressure and contact force and are

converged by using the latest values of the contact pressure and force,

4,0 Resulte and Conclusions:
The input data for two different types of fuel pine operating with same
power history; and the stresses and strains in the cladding are given in Table-I,
and Table-II.

Experimental verification of the computer code is in progress at pressurized
water loop, CIRUS, with natural and mixed oxide fuel pins of different diameters
chosen on the basis of test section size and fabrication capability, The irradiation
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programme is carried out with two types of clusters; six rod cluster with triangular

array for the larger diameter pins and eight rod cluster with square array for

smaller diameter pins, At present the code has been commissioned and ies being
verified by the available irradiation data. In future this code will be modified

to accommodete dynamic temperature rise during fast power transients,
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Table-I
Input Data
Nlad rlad rlad Fuel Pellet Pellet Operating Mean
Material o.d I1.4. Material diameter Density pressurg coolant
ems) (cms) (cms) (kg/em”) Temp.(°C)
fase I /r=4 0,72 0.6 U02+Pu02 0,503 959 140 253
"ase II  Zr-4 1.43 1.2636  UN,+Pul, 1.24 954, 72 286
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