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ABSTRACT OF THE DISSERTATION

A Simplified Method of Computing

Clad and Fuel Strain and Stress

During Irradiation
by
Yang-Ho Sun
Doctor of Philosophy in Engineering
University of California, Los Angeles, 1977

Professor David Okrent, Chairman

This dissertation develops a simplified, fast-running axi-
symmetric computer code, named KRASS (Kwik Running Analysis for Stress
and Strain), intended for the prediction of fuel element conditions
after long-term steady-state operation in a LMFBR. KRASS assumes
that fuel restructuring has already occurred, and divides the fuel
pellets into two zones, an inner, highly plastic hot region, and an
outer, cooler region which together with the cladding can undergo
creep.

This code allows for fission gas pressure, fuel swelling, hot
pressing, and it also includes alternative correlations for stainless
steel swelling. Fuel cracking is not included. The output of KRASS
includes the radial and axial stress and strain distribution of the
fuel and clad as a function of the burn-up. It takes KRASS 11x102

machine unit seconds on the IBM 360-91 to calculate the fuel element

behavior to 15% burn-up, with seven axial sections in the fuel column.
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The results of the calcv'ations indicate that the axial variation
of the fuel-clad mechanical interaction greatly depends on the
fluence-to-burnup ratio, as well as on the applicable stainless steel
swelling correlation. The results also show that transient fuel
element behavior studies of the pre-irradiated fuel must make allowance
for these differences. At higher linear power ratings the largest
fuel-clad mechanical interaction generally occurs in the lower third
of the fuel element while at low power ratings, this interaction is
largest at the axial midsection.

At high fluence-to-burnup ratios, the central axial nodes fre-

quently exhibit gap reopening tendencies.
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CHAPTER I. INTFODUCTION

The study of steady-state fur. element behavior is important for
long-term reactor operation; however, it is alsc important for tran-
sient accident analysis. The steady state behavior of fuel pins
must be predicted with reasonable success if an acceptably accurate
description of their behavior in transients is to be obtained. The
ultimate course cf a transient overpewer accident depends on the mode
of fuel pin failure. This, in turn, depends on the stress and strain
conditions of the fuel and clad, due to fission gas release and
retention, fuel and clad swelling, creep, loss of ductility, etc.
Whether or not (and where) the fuel clad gap is open or closed prior
to the transient, may be of major importance in predicting the time
and location of the fallure.

In principle, the distribution of stress and strain in the fuel
and in the cladding can be predicted from the knowledge of the fuel
element geometry, the material properties, the temperature distribu-
tion, and the operating conditions. The fuel clad gap closure and
the fuel clad mechanical interaction can also be predicted from the
parameters given above.

Ordinarily, in a code such as LIFE [1], the computations of
the axial and radial variations in the fuel pin behavior involve a
considerable amount of computer time. This dissertation develops a
simplified code, named KRASS (Kwik Running Analysis for Stress and

Strain), for the predictions cf fast reactor fuel element behavior.
In large LMFBR, the creep rate in the fuel may be enhanced by

the high neutron flux, and thus, it can be twice that at the same

735 054
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power rating for a fuel element in EBR Il. A scheme is included in
KRASS to provide a means for relatively precise creep calculations at
higher creep rates in order to assure that this code can be applied
to fuel element behavior prediction in a large LMFBa

Assuming plane strain and axial symmetry for a long cylinder,
elastic equivalent analysis [2] is applied to give a system of diu-
placement-inelastic strain and stress-inelastic s*rain relations.

The inelastic strains, which include the creep strain and the swelling
strain accumulated in one time step in the cylinder, are first deter-
mined from existing empirical formulae and from the stress state in

the previous time step. The displacement-inelastic strain and the
stress-inelastic strain are then used, so that the stress variation and
the boundary movements in this cylinder (that are induced by the
corresponding type of inelastic strain) can be determined. Creep and
the frradiation-induced swelling are considered both in the fuel and

in the cladding. Hot pressing has also been considered in the fuel
region.

After the fuel-clad gap closes, the mechanical interaction force
between the fuel and the cladding can be determined by an iteration
process, so that the displacement of the fuel outer boundary equals
that of the clad inner boundary.

The fuel regio: is considered as two separate regions in the
radial direction. Tre hot region has temperatures higher than 1500°C,
the cool region has temperatures lower than 1500°C. In the hot
region of the fuel the temperature is much higher than the brittle-

to-duccile transition temperature (Tc-1350°C) [3]; plastic flow occurs



rapidly and the material is weak. Hence, for the sake of simplicity,
we have assumed that this region is stress f/e2e, and the gas pressure
in the central void is transmitted directly to its outer boundary
through this region. The tbermal stress that builds up as a result
of . high temperature in the fuel region during the first start-up,
wil. oe quickly relaxed by creep -nd by fuel restructuring. It is
assumed th- . the thermal stress originating from start-up effects in
the fuel region zan be neglected. Also, since fuel restructuring is

usually completed in the first stage of operation, we assume ..at this

effect has been completed prior to the beginning of ou: calculation.
Fuel cracks are also neglected.

The temperature distribution in the fuel element may change due
to the burn-up effects in the fuel region. This variation is usually
small and slow; thus it is negiected in the current version of .he
code. In the preliminary calculations KRASS was usad to compute
results which could then be compared w th those obciiined from post-
| irradiation measurements and with results calculated using the LIFE IIIL

f code. Then it was used for calculations involving actual applications.
l

The fuel element behavior in CRBR, and in a conceptual CMFBR, has

The major fuel properties have also been s'udied parametrically for
CRBR fuel pins. It takes KRASS cleven hunu.ed machine unit seconds
on the UCLA IBM-360-91 to calculate fuel element behavior to 15%

i
been studied using different correlations for the clad swelling.
burn-up, with seven axial sections in the fuel column.
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CHAPTER II. THEORY
I1.1 The Displacement-Inelastic Strain and the Stress-Tnelastic Strain
Relations.
The inelastic strain (consisting of the swelling strain and
the creep strain) changes its value during fuel and clad irradiation
in a nuclear reactor, thus changing the stress level within the

material. Dimensional changes may also result.

In this section relations will be introduced between displace-
ment and inelastic strain, and between stress and inelastic strains.
"n_n

Let us consider a long cylinder with inner radius "a" and outer

radius "b", subject to a uniform internal pressure P,, and an outer

i
pressure Po. Let r, 2, z be a set of cylindrical coordinates, and
u,v,w the displacement along these three axes. The displacement w
is initially assumed to be zero. Axial symmetry of the structure and
of the loading is also assumed. The three principal stresses are
Ur’ 09, and 0, The shear stresses and shear strains on these
principal planes are zero.

Under the conditions described above, the strain-displacement

relations are:

e = du/dr II-1
r

e, = u/r I1-2
where e.s € are the strain components.
According to the elastic equivalent relation the stress and the

elastic component of the total strain should follow [2]:



"

o= A(e - ") + Zu(er - e )

Oy = (e - e") + 2u(e6 - ee') 11-3

”

Oz = A(e - ") + Zu(ez =i )

Here e ", e." and e "
3 0 z

are the inelastic strain components. €. g,
and e, are the components of the total strain and

e"‘e|'+e"+e"
r ] z

e = e +e, +e "
r 6 z

Substituting Equations II-1 and II-2 into Equation I1i-3, we get:

du v u _ s _ -
o, = (A+2u) (E; - e ) + A(r e, ) lez

n du "
o = O+) G -2 ) +r(Gr-e ) - Ae 11-4

" du " X u )
oz = -(A-O-Zu)ez . d )\(E;’ - et 3* (r - ee
The governing equation of equilibrium for a cylinder is:

do 0 -0
r,.x 8 -0
_g: - I1-5

Substituting Equation II-4 into Equation II-%, and ther

integrating twice with respect to r, yields:

A " " " 2 "
(A+2u)u = ;[(er + ey + e, ) rd +’—2 re_ dr

" n
2 er - ea Clr C2
+ 2B i - —_ 4 L =
r[{ = ad +—3 +- 11-6

Substituting Equation II-6 into the first equation in TI-4 we

get:



2

A 1 " " " 4 1 LU

? Or"(ﬂk-:ﬁ}'?ﬁer*"e'*az)rdt-i:%ﬁ?[rerdr
b
!
|
P
i
1

"
2 e -e e
R r ~%e /‘
(A+2u) r2 ¥ -r drdr + A /

Ap o 24 1 -
* ()H-Zu)cl ap 2 %2 RE~1

"

r 8

e
- dr

The boundary conditions are:

or = -Pi at r = a 11-8
or = —PO at r =bh 11-9
The values of € and ) and can be obtained from Equation II-7, using

Equations II-8 and II-9. Resubstituting these values of € and ¢,

into Equation II-7 we get:
0 (0) = (@ (), + (g (x), 11-10

u(r) = (u(r))e + (u(r))p ; 11-11

Similarly, we can write:

| oe(r) = (°e(’))e + ("e('”p 11-12
' a,(r) = (o, (r))_ + (crz(r))p " 11-13
i
. llere:
E a2 b2
| (Or(r))e = bz_az (Pi-PO) 1 - ;~2- Po 11-14
l a2 b2
| @), =55 |1 +75)@®;-P) - P II-15
X ” b -a r
1

. A 1 2 2
! (Oz(r))e = M —b-z-:;—z-' (a Pi-b PO) 11-16
| " y
| () = —2 E 22 0p P ) = grte P I1-17
: e 2(b2-32) A4y ur i o 2(r+u) "o N
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e

(Gr(r))p

(Oe(r))

(@, ()

(u(r))

. I (r)+I (r)+I (r)+ ~——

p A2y 14(’) A+2u

-[ilcr)+12(r)+13(r)-14(r)]

2 2
b a .
- % (1‘ ?)[Il(b)ﬂz(b)+13(b)—14(b)] 11-18

(e +e ) 2uee

v 5, G
A+2u % A+2u

2 2
b a - B
. -b—z:—a—z (1 + —r—z-> [Il(b)+12(b)+t3(b) Ia(b)] 1I-19

A " "
(e +ez) - Zuez

2

oy oy 11-20
o [1 (B)+L, (B) 15 (B)-T (b)]

[1 ()41, ()+1, ()]

2 2
b r a
A Z 2. |%F +-u?][Il(b)+12(b)+13(b)-14(b)]
2(b"-a")
11-21
Here the .ntegrals are:
o 2uA 1 by .
L) =350 2) ¢ rd 11-22
2 1 "
L) = A+2u 2 e rdr 11-23

e -e
1,(r) = X+z"u 2[ [ I11-24
er-ee
I,(e) = 2“[ r % 11-25

"
e =

”n

e
r

" "

tegte 11-26
0 z
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A and Y are Lame's Constants,

T g EL *
A=1, YU Iaw) i

E and v are the Young's modulus and the Poisson's

ratio, respectively.
In the formulae listed above, an axial force must be applied to the
ends of the cylinder to keep the axial displacement equal to zero.
Saint-Venant's principle [4] can be applied for this effect. If the
real restriction in the axjal direction is Fz and we superimpose a

uniform axial stress C, so that the resultant axial force is equal to

3

the restrictive force Fz, C3 can be determined from:

2 2
m(b"-a )(:3 +[ 2nr(cz)w_0 dr = Fz

F - [ 2me(3,) g dr
C = 11‘28

3 “(bZ_aZ)

Here (Oz)w-O is the axial stress for zero axial strain (w=0), described
in Equation II-13.

The real axial stress should thus be:

F, - f 2me(s ) g dr

11-29
v(bz-az)

Uz - (Gz)w-O * c3 - (Cz)u-O 2

The displacement u is also affected by the superposed axial stress

C Therefore, the term, vC3r/E [4] must be added to the right hand

3
side of Equation II-1l.
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In Equations II-10 through II-13, the first term on the right

hand side represents the effect ir’'. -4 by the pressure on the walls

of the fuel and the cladding. The second term on the right hand side

represents th- e effects that were induced by inelastic strains,

e.g. the creep, the swelling, and the hot pressing strains. Thus:

" c sw hp c Sw
e, = e, +* e, > e, =e * ey I1-30
"
where ei is the creep strain
SW
e is the swelling strain

e:p is the hot pressing strain
i represents the components in r, 8, and z directions.

Applying Equation II-30 to Equations II-22 through II-28, we can find
the 1 values corresponding to the creep and swelling effects. If we
substitute these I values into Equations I1I-10, II-11, II-12, II-13, and
into Equations II-28 and II-29, the creep and swelling-induced stresses
can be found.
ITI.2 Inelastic Strains

The inelastic strain includes creep strain and irradiation induced
strain.
IT.2.1 The Stress and Strain Relations in Creep Deformation

At low temperatures, the stress-stroin curves are essentially
time-independent. However, if the temperature of the material exceeds
about half of its melting-point, a departure from this idealization
becomes noticeable and the strain increases under constant load.

The creep strains should follow the Prandtl and Reuss assumption,

i.e., the plastic-strain increment at any instant is proportiomal to

10



the deviatoric stress. Using the principal stress axes, we get:

c c c

der dee de
S S
¥ 9

where de:, deg, and dez are the increment of creep strains in the
r, 8 and z directions, respectively.

S, S, and Sz are the deviatoric stress components.

8

dK is an instantaneous, positive constant of proportionality,

r’

wiich may vary during the loading process.

Equation II-31 satisfies the condition of zero dilation, i.e.,

c c
der + de

0 + dec =0 11-32
z

The effective stress 0% and strain e*, are defined (in terms of

the principal stresses and creep strains) as:

1

o* iJr_ (0 =0p ) +(0 -0 ) +(0 -0 ) I11-33
f \/(e -e e) +(e -e )+(e -e ) 11-34

It can be shown [5] that o is proportional to the total shear
stress, which gives an accurate measurement for the gross amount of
plastic creep deformation in a polycrystalline material.

In a uniaxial case o* reduces to or and e: to ei. Equation
I11-31 gives the relative proportion of the incremental plastic-strain
components to the corresponding deviatoric-stress components. Also,

*
in the uniaxial case ¢ = cr = %Sr' From these:

11



*
Equation II-35 can be generalized to multiaxial cases by using 0 and
*
e, defined in Equation II-33 and IT-34.
I1.2.2. The Creep Strain Rate

The creep strain rate can be represented by the following:

de* N o [A, -6 /RT £
et Ae B/R'I‘O +[——;- e L + B ¢)] o 11-36

dt 4 (1]

For mixed oxide fuel, we are presently using

A = L.376x107
~90.5+D

D = fuel density percentage.

If the calculated D value is less than 92, we shall substitute

D = 92,

<o
"

132000 cal/mole

(43
L}

90000 cal/mole

9. 726x106/ (-87.74D)

P
Pd
i

I1-37

o
i

grain diagram, u(~10)
24

=<
il

8.0x10"
m= 4.5
n=1
¢ = flux
For 316 cw S.5., used presently, the parameters are:
A = 2.7x10" 11

8

95000 cal/mole

A, =0 I1-38

1
4.655x10 3%

m=7

n=3

LV

12



* *
Knowing o , dec can be determined from Equation II-36. Then,
from Equations I1I-31 and II-35 the increment of the creep components,
c ¢
SO der, dee
11.2.3. The Swelling Strain

and de;, within « time step can be obtained.

It is assumed that all swelling strain components are equal, i.e.:

sSwW swW Sw 1 sw
e, ey e, =3 © 11-39

where esw is the total velumetric swelling strain.
[1.2.3.1. The Swelling Strains in the Cladding

For 20% cw, 316 stainless steel, four options have been included
in the code as possible correlations for irradiation-induced swelling.

These are:

-22 & (T
o ol dufzbenl] @ o
o ' ‘
where

;v/vo = fractional volume change

2
ot = fluence, unit = a/cm” (E > 0.1 Mev)

R=2¢ axp[}ea.5699+o.5310721-1.24155x10’31

+1.37215x10‘6r3-6.1ax10‘1014]

a = -1.12+6.89x10°°T

- zxo[-le.7382+o.130532T-3.81081x10'“12

+5.51979x10-7T3-3.2649lx10_10TA]
T = neutron irradiation temperature in °C
g = multiplicative factor to describe confidence
limits, B = 0.01 for nominal swelling

In this correlation there is 2 swell 'ng threshold that is

temperature dependent.

13



b) %! - % (9x1072) (o) 13 (4. 028-3.712x10"21+1. 014510~ 472
-7.879x10"°1%) (7) T1-41
The limits of applicability of this formula are ¢t<1023n/cm2,
E>0.1 Mev, and 360°C<T<600°C. The confidence limits are
+50% .
o) £¥ = 9.71576x107% (9e) 1+ 68773685, (1 214x107 20
-6.0696)%] (8] [1-42
This gives a swelling which peaks at T = 500°C.
d) %! = 9.71574x10" L (5¢) 16877368, 1 (1. 214x107 %1

-7.284)%) (8] 11-43
This gives a swelling which peaks at T = 600°C.
I1.2.3.2. Swelling Strain in the Fuel Region
The isothermal tests described in Chubb's paper [9] give relation
between the temperature and the strain rate induced by the fission

13 fissions/cc-sec.

gas swelling at a burnup rate of 2x10
The curves in Figure II-1 follow the formula:

where

4= é% is the ratio of the displacement rate to the radius of the
outer boundary.

T is the temperature in °F.

Assuming a linear relation between the fission gas swelling rate
and the burnup rate in the fue', the displacement of the fuel outer

boundary during At time will be.

W
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Au = bk W . 3.6x10"

10

bAB(At), 11-45

where B is the burnup rate in fission/cc-sec.
On the other hand, from Equations II-21 and 11-3%, the relation

between the swelling strains and the outer boundary displacement can

f rdr . 11-46

Since the experiment in Reference [9] is almost isothermal, e . is

be expressed by:

u(b) = (A + —E)

A+2u E ; Aty

assumed to be constant across the fuel region.
By equating Equations I1I-45 and 1I1-46, we get the fission gas
swelling in the fuel as follows:

o = 3.6x10"H

e AB(At) 11-47

1+ —*‘—-z[b 1I-48

In order to achieve best fit to the results obtained from the LIFE-IIT

Qlor

where

G = (A+

2u
) A+2u b

code, an adjustable parameter AG = 3.4 is introduced in Equation 1I-47
for the low power calculations. This adjustment gives a fuel swelling
rate that approximates the upper binding curve in Fig. II.l.
I1.2.4 Hot Pressing

The temperature in the fuel region is usually high. Dislocation
glide and stress-enhanced diffusional creep can reduce the volumetric
strain under hydrostatic compression. The amount of change in the
volumetric strain Aahp caused by this hot pressing process can be ~

1
|

expressed as: [8]
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AahP = E-exp (s 9) o(l- L. . esu) At II-49
% ¥ Pth

where
g = % (0r + 0y + oz) is the hydrostatic pressure (dyne/cmz)

2.0
¢w kil x 10% —RE_

dyne sec

4.43 x 10° °K

Pl
]

At = time increment (sec)

p = fuel density
Pen = the theoretical fuel density
sW
e = fission gas swelling in the fuel region

T = temperature in °K
It is assumed that all hot pressing strain components are equal, i.e.

hp
B

= e b = 2 Aehp
z 2

Aehp = Ae
r
I1.2.5 Fission Gas Release and the Gas Pressure
The fission gas bubbles migrate in the fuel region as a result of
temperature and the stress gradient, and can be released through the
grain boundaries and cracks that interconnect to the surface. The

gas release percentage in the undisturbed fuel zone [10] can be

expressed by:

{1 - exp(-6.84 x 107° B))
-5

(6.84 x 10 “) B ‘ 11-50

{0.421/exp10.050))

F=1-

where B is the burnup (MWD/MTM)

and Q is the linear heat rate (kw/ft)-

17



100% gas release is assumed in the equiaxial grain zone and in the
columnar grain zone. The relation between F and B is shown in Fi gure
I11-2.

At first, most of the gas atoms are released to the central void,
and then to the plenum through the interconnected voids, cracks, and
any separation between the fuel pellets. It is assumed that the gas
pressure in the central void is equal to that in the plenum. The gas

pressure can thus be determined by the ideal gas law as follows:

(FNF + NI)RT

P = P = 11‘51
$ >
P cv Vb vCv
rPa i i, ¥ are the pressures and the volumes of the plenum and
P cv’ p cv

of the central void, respectively.
NF is the number of total gas atoms generated
NI is the initial number of gas atoms

F is the fraction of total gas atoms released

T 1is the average temperature in the plenum and in the central

void,

18
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CHAPTER III. THE PROCESS OF PROBLEM SOLVING
III.1. The Basic Process

In the cooler fuel region the creep strain rate is about laalhour,
corresponding to a 103psi load. In the hot fuel regior the creep
strain rate is much higher. The thermal stress that has built up
during the start-up period can thus be released quickly and should
have negligible effect on fuel element behavior at later times. It is
assumed in the code that this thermal stress is negligible.

The brittle-to-ductile transition temperature is approximately
1350°C for the fuel material. In the higher temperature region there
is a heavy plastic flow and the material is very weak. This region
can be considered stress free, with the gas pressure in the central
void transmitted directly to the cooler boundary of the columnar
region (Figure III.1).

This code treats steady state operations only. During such
operation the variations of creep, swelling, and fission gas pressure
are slow processes, therefore, the change in the stress state is also
relatively slow. If the time intervals are small enough, it is a
good assumption to calculate the creep strain using the stress state
in the previous time step. An iteration process has been built into
the code to assure that the ratio of the stress variation caused by the
creep effect to the total stress state is less than a prescribed
value. (See the simplified flow chart.) If this ratio is larger than
the assigned value, the time interval of this step is linearly reduced

to meet the prescribed value (Section III-3).
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Figure III - 1. Radial Section of the Fuel Element.
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The boundary displacements of the fuel and the cladding ire calcu-
lated in each time step. Thus the closure of the fuel-cladding gap can
be calculated by the differential displacemernt of the fuel and cladding
boundaries. Before the gap closes, the plenum gas pressure acts on
the fuel outer wall and on the cladding inner wall. After gap closure
the mechanical interaction force can be determined by an iteration
process so that the displacement of the fuel outer wall is equal to
that of the cladding inner wall. A fast-converging iteration sub-
routine is included in the code to provide . "ans for a fast determi-
nation of the interacting forces between the el and the clad after
gap closure (Section III1.2).

Once the pressure at the fuel and clad walls has been determined,
the stress and strain distribution, caused by different physical
effects, can be determined by the formulae in Chapter II.

The axial restriction Fz, used in Equation II-28, is different
for the fuel column and for the cladding.

For the fuel column, as described in Figure III-2, the axial
restriction is the plenum pressure Pr’ acting at the end. After the
fuel-clad gap is closed, the friction force Fr’ acting between the
fuel and the cladding, contributes to the axial restriction too. So,
the total axial restriction, Fz for the fuel column is:
¥ F e w(b2 = az) P_+ (2mb_L) F_q. I1I-1

z £ f r f .
Here Fr = quC,
y is the friction coefficient,

Pfc is the mechanical interaction between the fuel and the

cladding. 733 0 U
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Figure III - 2. Free Body Diagram of the Fuel Region.
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Figure III - 3. Free Body Diagram of the Cladding.
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L is the distance to the upper end of the
fuel column
q =0, if the fuel-clad gap is open
q =1, if the fuel-clad gap is closed.
As shown in Figure III-3, the axial restriction for the cladding

can be written as:
PF¢ = nb% -a’P )+ @ral) Fq . 111-2
z et cr Cc r

III.2. Determination of the Mechanical Force (Pfc) Between the Fuel
and the Clad After the Gap Is Closed
After the fuel-clad gap is closed, there is a mechanical inter-
action force (Pfc) between the fuel and the clad. The increment of
P in each time step should be such that the displacement of the

fc

outer boundary of the fuel and of the inner boundary of the clad is
equal. An iteration ;rocess has been incinded in the code (see the
simplified flow chart) to determine the change of Pfc(DP) in each time
step.

Let us consider a coordinate system with AUF displacement of the
fuel outer wall along the X-axis, and with AUC displacement of the
clad inner wall along the Y-axis (see Figures III-4 and II1I-5) in a
time interval Ati. (DP)l, the first approximation of DP is equal to
the change of Pfc in the last time step. If the fuel-clad gap is
still open in the last time step, then (DP)1 is equal to the gas
pressure change during the last time step. By applying (DP)1 we get
(au.), and (AUZ),. If the absolute value of [(AUC)1 - (A,UF)I]/(AUC)1

is not smaller than a prescribed value (5% in this code), a second

approximation, (DP)2 should be tried.

— -
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As shown in Figure I1I-4, it is assumed that (DP)2 is located at

the crossing of lines m and n. m contains all those points where

(AUC) = (AHF)' n passes through point (DP)l and is perpendicular to

line m. Thus, (DP), is expected to have a corresponding (AU ), and
2 e 2

(AUF)Z’ so that (AUC)2 = (AUF)Z. As shown in Figure III.4, (AUC)2 and

(AUF)Z can be expressed by (AUc)1 and (AUF)1 as:

(v ), + (Au.)
(AU )2 - (AU _ c’1 : F'1l

In Figure III-4, (DP)1 corresponds to a (AUC)l displacement of the

cladding wall. As APfc varies from (DP)1

to (DP)Z’ the variation of

AUc is: (AUC)2 - (AUC)I. By assuming ihat

(oP), (av ),

®P), - Uy, - (G ),

(DP)2 can be determined as:

EAUC) + (AU )]/6 (au )

(bP), = (DB), @u_)

(AUC)2 - (AUF)

If the zbsolute value of (AU )2

is still not smaller than the

allowed number, a more effective process is used to assure a fast con-

vergence.

As shown in Figure III-5, P is the line connecting points (DP)1

and (DP)Z. Point (DP) is assumed to be on P also and have AUC = AUF

displacement.

Figure III-5 shows that AUC and AUF

and second trials as:

26
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e B ey

AUC = AUF = b/(1-a) I11-4

(Auc)2 - (Auc)1
(Aul,)2 - (AUFT1

where a =

and b= (U), - a(tu,),

It can also be shown that the distance between points (DP) and (DP)2 is:

te2 =\[[up) - up,? + 1@ - @u ), 111-5

and the distance between points (DP)1 and (DP)2 is:

L12 -\/[ U, - @up 1%+ T, - @u),1? . I11-6
Corresponding to the different (AUC) and (AUF) values in the first and
second trial, the following relation is used to determine the third
trial (DP):

(1) (4ug), > (AU ), and (AUR), > (AU)),

DP = DP, - |DP, - DP,| %% 111-?
(i1) (AUp), < (AU), and (AUL), < (AU),

DP = DP, - IDP1 - Dle i‘—’z’f I11-8
(iii) all other cises

DP = DP, + (DP, - DP,) %;% I1I-9

If (DP)i-Z = (DP)I’ (DP)Z’ ok (DP)i are the steps of the iteration
process, then the DP value will be reached when (AUc - AUF)/AUc is
smaller than the prescribed number.

IIZ-3. Iteration for Creep Precision in the Fuel

The increment of creep strain within a time step is determined by

an empirical formula corresponding to the stress level in the previcus
(2
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time step. In order to achieve precision in the creep increment
calculation, a suitable time increment should be chosen for the time
step, so that the creep increment and the stress variation (caused by
this creep increment) is kept lower than a certain value (RV1).

If PH, PR and PZ are defined as:

PH = Aoe/ce‘l

PR = A0 /o I11-10
r r

PZ = Ao_Jo s
z' "z

where AC Aor, 301 are the stress increments caused by the creep

g
affect within this time step, and O or' o, are the components of-the
total stress level in the previous time step. Also, let us designate:
AMX = max{m, PR, Pz} . 111-11
To ~ssure precision of the calculation, AMX should be kept
smaller than RV1. But, in order to save computing time, AMX should be
larger than another value RV2. We can thus adjust the time increment
{At), so that RV1 < AMX < RV2 (See Fig. I1I-6).
Let Ato be the initial time increment and let us determine AMXO.
If AMXO is not within the allowed interval for AMX, we adjust At

by a linear relation between AMXO and RV1, as described in Figure II1I-6.

Thus, the first trial of time increment At is:

RV1
Atl = Ato (AMX)O I11-12

We an calculate ON!X)I by using t in Equation III-7. If
(AHX)1 is still not in the allowed interval for AMX, we shall readjust
At. As described in Figure ILI.11, the second trial of the time incre-

ment Atz will be:
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Aty (INITIAL TRIAL OF At)

Aty = Aty RVI/(AMX),

| -
o RV2 RV1 AMX
| ——  ———

ALLOWED INTERVAL FOR AMX

Figure III - 6. A“"_.sted Time Imncrement, At, Versus Maximum Fractiona)
S ress Increment - First Trial.

Ot
m-1
m
Atml
? RV1-AMX
Ot | - Dty = Oty Aty §-Oty) e
AMX, 1 AMX
M
- x’“1 )
RV2 RVI  AMX_ .

Figure III - 7. Adjustrd Time Increment, At, Versus Maximum Fractional

Stres¢ Increment - mth Trial.
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RV1 - AHXI

Atz = At] + (Ato - A‘:l) M AMX. 111-13
o i {
This process can be repeated by using
RV1 - Auxn
Ot 4 = Oty * e, - At) DX SAMX 111-14
m-1 m

.ntil AMY has a value inside the allowed interval.

A flow chart for the creep precision iteration is shown in
Figure III-8.

III.4. A Simplified Flow Chart.

Figure I1I-9 illustrates the calculation of the strain change,
boundary displacements, fuel-clad gap thickness and stress distribution.
The process consists of the computation of:

1. The strain change (Aec) and the stress change (Acc) caused by
the creep effect. An iteration process is us:d to adjust At so, that
A0 /o is small enough to result precise creep values.

2. The increment of the swelling strain and of the fission gas
release. By knowing the available gas volume, the fission gas pressure
can be determined.

3. The boundary displacements within this time step.

4, The fuel-clad gap thirkness. If the gap is still open, the
fission gas pressure acts at th.. outer boundary of the fuel and at the
inner boundary of the clad. If the gap is closed, an iteration

process is used to determine the fuel-clad mechanical interaction

force (Pfc)-
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5. The stress distribution. This can be determined after the
stress change (due to the swelling effect) and the pressures are cal-

culated.

This process is repeated for all the axial sections and for all the
time steps.




Bty
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-

-

TIME = TIME + DTIME

'
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AMX > RV1 YES
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Figure IIl - 8. Flow Chart for Creep Precision Iteration.

33

.




INITIAL INPUTS

Ae®| “CHANGE OF CREEP STRAINS ]
#DJUST A t (PRECISION
'Au 8Y CREEP ITERATION FOR CREEP

v NO  EFFECT) j
Aolo < CERTAIN VALUE?

YES
Da%W, phP

'

GAS RELEASE
GAP PRESSURE

- |
u, DISPLACEMENTS ADJUST P'c
GAP THICKNESS f -

—— 1 -

GAP CLOSED? ___Y_E_S_’ SAME u FOR FUEL OUTER WALL AND

i CLADDING INNER WALL
NO

YES

-

Ao BY NET SWELLING
~o BY PRESSURE AT WALLS

.

o, STRESS DISTRIBUTIONS
NO

LAST AXIAL SECTION?

l YES
NO

LAST TIME STEP?
1 vES

sTOP

Figure III - 9. Simplified Flow Chart
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CHAPTER 1IV. PRELIMINARY CALCULATIONS
IV.1l. Calculations for Fuel Pin PNL-10-23
The fuel pin PNL-10-23, which had been irradiated in the EBR--II,
has been chosen for comparison with the code. The specification of
this fuel are the following: (11)

Fuel U0, - PuO, (65 wt % enriched U-235)

2
Fuel pellet diameter: 0.194 in., density: 90.9%Z TD
Fuel columnar length: 13.5 in.

Fuel smear density: 85.5% TD

Fuel-cladding gap width: 3 mils

Cladding material: 2J% CW 316 S.S.

Cladding dimension: 0 23 in. OD x 0.015 in. thick
Gap plenum volum~: 6.1 cm3

Peak linear heat rating: 9.87 kW/ft

Peak burn-up: 5%

The post-irradiated fuel zone boundaries at the mid-plane are the

following:
Central Void Columnar Crain Equiaxed Grain
Radius (mfls) Radius (mils) Radius (mils)
6.4 52.5 69.1

The mixed oxide fuel should be restructured completely above ~ 1650°C
(columnar grain growth region), and the equiaxed grain growth is
observed at about 1300°C. B8y normalizing the radius of the columnar
zone and the equiaxial grain zone to 1650°C and 1300°C, respectivciy,
the radial temperature distribution in the fuel region can be
determined. The reported cladding surface temperature can also be

used to determine the radial temperature distribution in the cladding.
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By using the above values as inputs, the stresses, strains,
boundary deformations, and the gap closures tor the fuel PIN PNL-10-23
have been calculated.

A second sample case, with a smaller (2.4 mils) initial gap, has
also been calculated. The gap closed at a 3.5% burn-up.

The results of these two primary calculations are shown in
Figure E-1 through Figure E-3.

Figure E-1 shows the boundary movements of the fuel outer wall
and the clad inner wall. 1In the first case, the initial gap thickness
is larger, and the gap does not close before a 5% burn-up. In the
second case, a small initial gap has been used that closed at 3.2%
burn-up after 10,800 hours of irradiation. After 2 years of
irradiation (5% burn-up), the post irradiation measurement of the clad
boundary displacement was 1.26 mils. The calculated value is 1.5 mils;
it is close to the measured value.

Figure E-2 shows the displacement of the clad wall (Uc) in the
first and in the second case, after the clad has been irradiated for
10,800 hours. The fuel-clad mechanical interaction (Pfc) ia the
second case is also shown in this figure. Because the gap is closed
and Pfc acts on the cladding boundary, Uc is larger than it was in the
first case.

The maximum radial hoop stress (og)Inax acts in the outer wall of
the clad. Figure E-3 shows the time behavior of this stress.

(cg)max’ that was induced by the start-up heating, is first relaxed

by the creep effect, then, it is increased by the irradiation-induced
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swelling of the clad. After the gap closure in the second case,

(ag)nax is increased by the P L acting on the clad inner wall.

f
IV.2. Calculations for 6 kW/ft and 15 kW/ft Fuel Pins Irradiated
in EBR-II.

In order to compare the results of our code to that of LIFE III,
two sample calculation inputs of the LIFE III code (6 kW/ft and 15 kW/ft)
have been used as inputs for the KRASS code.
IV.2.1. The Low Power Case (6kW/ft).

This is a calcul tion for a test fuel element that was irradiated
in EBR. The specifications of the fuel element are the following:

Fuel: U0, - PuD, (65% wt enriched)

2
Fuel pellet radius: 0.11148 inch
Fuel density: 92.9% TD
Fuel columnar length: 13.5 inch
Cladding length: 36 inch
Fuel-cladding gap width: 1 mils
Cladding materials: 20%Z CW 316 S.S.
Cladding dimension: 0.25 inch OD x 12.5 mils thickness
Peak linear heat rating: 9.87 kW/ft
Coolant iniet temperature; 700°F
Coolant outlet temperature: 980°F
Neutron Flux: 0.65 x 10" neut/cmzsec
The temperature after the start-up period (printed by LIFE III) was
used as the input for the KRASS code. The stresses, strains,

boundary movements and the gap closures were calculated for this

6 kW/ft fuel element.
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The fuel i« divided into three axial components in the computation.
The results of the KRASS code were compared to those of the LIFE III
code in Figures E-4 and E~5. As Figure E-4 shows, the fuel-clad
closure is calculated 980 hours by LIFE III, and at 1150 nours by

KRASS. After the gap closure the P__ values given by both codes are

fe

very similar. The maximum radial hoop stress in the clad is measured
at the outer wall by both codes. Because of fuel-clad interaction

Pfc at the inner wall, the stress and strain magnitudes start to

increase in the clad in about 260 hours after the gap closure. At

this time the value of Pfc is large enough to compensate the outward

swelling of the fuel; the increase rate of P is thus reduced, and

fc

the hoop stress in the clad starts to be relaxed by the creep effect.

Comparing the results of the two codes after 2750 hours of

irradiation (Figure E-4) we find:

KRASS LIFE III
(og) 28 ksi 25.4 ksi
ei 0.87% 0.67 %

After 7500 hours of irradiation:

KRASS LIFE III1
(og)mx 27.5 kei 29.7 ksi
(eg)t 2.46% 2.70 %

Figure E-5 shows the displacement of the fuel outer wall (UF)
and of the clad inner wall (Uc). As this figure indicates, after
2750 hours and 7500 hours, the UF and = values calculated by the
KRASS code are similar to those given by the LIFE-III code.
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1V.2.2. The High Power Case (15.2 kW/ft).
This is a calculation for a test fuel element irradiated in the
EBR-II. The specifications are the following:

Fuel? UO, - Puo2 (65% wt enriched)

2

Fuel pellet radius: 0.1085 inch

Fuel density: 90.8%Z TD

Fuel columnar length: 13.5 inch

Cladding length: 36 inch

sel-clad gap width: 1.8 mils

Cladding material: 20%Z CW 316 S.S.

Cladding dimension: 0.22 mils x 28 mils thickness

Peak linear power rating: 15.2 kW/ft

Coolant inlet temperature: 700°F

Coolant outlet temperature: 860° F

Neutron flux: 1.16 x 10%? neut/cm’ sec
Figure E6 shows the fuel-clad gap closure, the fuel-clad interaction
force, the total hoop strain (eg)t’ and the (Ug)max, calculated by the
VRASS code. The fuel-clad gap closes at 1600 hours. Before gap
closure the irradiation-induced swelling strain is the main contributor
to the (eg)t. After gap closure the creep strain induced by Pfc in the
clad gives a larger (eg)t. 150 hours after gap closure Pfc reaches a
large enough value to compensate the outward swelling of the fuel.
The increase rate of Pfc is thus reduced. 150 hours after gap closure
:fc increases by 750 psi, which results in a 5.9 ksi increase of
After 1750 hours, the creep rate in the clad is 1.9 : 10-7/hr.

c
(Ge)max'
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This is three times that of the 6 kW/ft case. This large creep rate
is due to the higher neutron flux used in this calculation. Because
of this creep in the clad, and the small reduction of Pfc due to the
fuel creep, (og)max starts to reduce its magnitude 150 hours after
the gap closure. At 4% burn-up, Pfc’ (Og)nax' and (eg)t is 550 psi,
4.8 ksi, and 0.06%, respectively.

In this high power case, the available version of LIFE III gave
results which oscillate in their values, because the code did not have
a subroutine to control creep stability in the fuel region. In the
KRASS code, a control scheme was included to assure that in each time
step, the chinge of state caused by the creep effect is small enough
to allow accurate calculations.

The results of the KRASS code are within the envelope of the

oscillatory results given by LIFE III.
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CHAPTER V.

V.1. List of Applications.

APPLICATTONS

The KRASS code is used for the calculaticns of the fuel element

behavior in CRBR and in a large conceptual LMFBR.

specifications in these reactors are the following:

The fuel element

CRBR Conceptual LMFBR
| Fuel material: (U - Pu)O2 v - Pu)O2
i Fuel pellet radius: 0.097 inch 0.135 inch
Fuel density: 91.3%Z TD 85% TD
Fuel smear density: 85.5% TD 80% TD
Core column length: 36 inch 42.8 inch
Fuel-clad gap: 3.25 mils 2.5 mils
Cladding material: 20% Cw, 314 S.S. 20% cw, 316 S.S.
Cladding radius: 0.115 inch 0.14 inch
Cladding thickness: 15 mils 17 mils
Fission gas plenum length: 48 inches 37.6 inches
| Peaking linear power: 12 kW/ft 16.03 kW/ft
f Coolant inlet temperature: 730°F 760°F
] Coolant outlet temperature: 1050°F 1170°F

12 kW/ft, 9 kW/ft and 6 kW/ft fuel elements have been analyzed in

CRRB applications and calculations were made for the 15 kWw/ft and

' 9 kW/ft elements used in a conceptual large LMFBR. Different correla-
tions are used to calculate the irradiation swelling in the clad. The
creep rate in the fuel, the smear density, and the fuel density are

also varied. The cases of calculations are listed in the following.

733 094
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Symbols: LP: linear power (kW/ft)

NCSW: options for the correlatlon of swelling in the clad
(Equations in Section 2.3.1 of Chapter II).

NZ: total number of axial sections for the fuel column.
1st axial section is the bottom section of the fuel pin.
H neutron flux (x 10]'5 ueut/cm2 sec)

(1) Basic Cases

Case Reactor LP NCSW NZ ¢
AO CRBR 12 11-40 3 4.7
Al CRBR 12 I1-41 3 4.7
A3 CRBR 12 I[1-42 3 4.7
Ad CRBR 12 I1-43 3 4.7
R1 CRBR 12 IT-40 7 4.7
BO CRBR 9 I1-40 3 3.5
Bl CRBR 9 11-41 3 Jed
B3 CRBR 9 I1-42 3 3.5
B4 CRBR 9 I1-43 3 F9
R2 CRBR 9 II-40 7 3.5
NO CRBR 6 IT-40 3 2.4
N1 CRBR 6 [1-41 3 2.4
N3 CRBR 6 11-42 3 2.4
N& CRBR 6 I11-43 3 2.4
HO Conceptual LMFBR 15 II-40 3 8.5
H1 Conceptual LMFBR 15 IT-41 3 8.5
H5 Conceptual LMFBR 15 I1-40 5 8.5
MO Conceptual LMFBR 9 11-40 3 b 1%
Ml Conceptual LMFBR 9 IT <41 3 $:2
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The ratio of the axial section lengths is:

1:1:1 for NZ = 3 cases in CRBR

1:2:1 for NZ = 3 cases in the conceptual reactor.
The axial section lengths were equal for NZ = 5 and NZ = 7 cases.
(2) Sensitivity of the fuel properties

NCSW = [1-40 for all cases

NZ = 3 for all cases

O
[}

fuel density

= gmear density

8.368 x 10"‘T(°r) - 4.6628668

A =10 (Equation II-44.1)

Ay
105'23 x 10 T(°F) - 4.031495 (Equation II-44.2)

[>e

Equation II-44.1 and Equation I1-44,2 represent two different fuel
swelling models from that of Equation II-44. In these two equations
the temperature dependence of the fuel swelling has a slope 0.8 and
0.5 times that of Equation II-44. The amount of fuel swelling is the
same for all three cases at an average cold fuel region temperature.
The cases for this sensitivity study are listed on the following page.
v,2. Calculation of the Fuel Flement Behavior in CRBER

(1) Case A0 (CRBR, 12 kW/ft)

Figure AO-1 shows the time history of the fuel-clad gap closure
and the fuel-clad mechanical interaction force. As the figure shows,
the gap closes after 1831 hours, 1498 hours, and 1971 hours in the
lst, 2nd, and 3rd axial sections, respectively. After the gap closes,

the highest P. is in the lst axial section. After 13000 hours

fe
(12% burn-up), Pfc has the value of 5.1 ksi, 1.4 ksi, and 3.3 ksi in

the 1st, 2nd and 3rd axial sections, respectively. The plenum

pressure is 1.0 ksi at this burn-up.

e e -
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[ - Cuanges of Parameters Basic
Case Reactor L.P. ¢ from the Basic Case Case
AA CRBR 12 4.7 creep rate in the fuel x 1.5 AO
AB RB;~ iz 4.7 creep rate in the fuel x C.5 AD
AG Clhsxr 12 4.7 bg = 88% TD AO
AH CR.BE; ~ 12 4.7 Pg = 83% TD AO
Al CRBR 12 4.7 op = 85% TD, pg = 80% TD AO
AN CRBR 12 4.7 & = eqn. 11-44.1 A0
AS  CRBR 12 4.7 A = eqn. II-44.2 A0
BA CRBR 9 33 creep rate in the fuel x 1.5 BO
BB CRBR 9 3 creep rate in the fuel x 0.5 BO
BG CRBR 9 3:3 Pg = B8 TD BO
BH CRBR = 9 3.5 pg = 837 TD BO
i BI  CRBR 9 3.5 pp = 85% D, pg = 80 TD BO
| BN  CRBR 9 3.5 A= eqn. II-44.1 BO
| BS  CRBR 9 3.5 &= eqn. I1-44.2 BO
i NA CRBR 6 2.4 creep rate in the fuel x 1.5 NO 4
| NB CRBR G 2.4 creep rate i'n the fuel x 0.5 NO
' NG CRBR 6 2.4 Pg = 88%1 TD NO
NH CRBR 6 2.4 Pg = 83%Z TD NO
NI CRBR 6 2.4 Pp = 85% 1D, pg = 80% TD NO
NN CRER 6 2.4 b= eqn. I1-44.1 NO
NS  CRER 6 2.4 A= eqn. 11-44.2 NO

R R RS>

44



Figure AO-2 shows the clad swelling rate at each radial node in
each axial section. The difference between the swelling rate curves
in each axial section represents the differential swelling rate, which
can generate hoop tension across the clad wall. The swelling rate
starts to have significant value after 8000 hours, 4800 hours, and
3200 hours irradiation in the first, the second, and the third axial
section, respectively. As in Figure A0-2, the differential swelling
rate is 10-6/ht at 10500 hours in the first axial section. In the
second axial section, the differential swelling rate is l.dxlo-alhr.
3.0x10"/hr, and 1.2x10"%/hr at t = 5200 hours, 6200 hours and
10000 hours, respectively. In the third axial section the differential
swelling rate changes its direction at 6600 hours and has values of
1.2x10"%/hr, 3.8x107°/hr and 0.8x10™%/hr at t = 4000 hours, 5200 hours,
and 10000 hours, respectively.

Figure AO-3 shows the stress rate at the clad outer wall, the
creep (5Cp), the swelling (&sw)’ and the pressure (5p) effects.

From the differential swelling rate across the clad wall described
above, the behavior of 6sw in each axial section can be understood.
In the first axial section asw becomes significant after 10500 hours
radiation. After 13000 hours it has a value of 5 psi/hr. In the
second axial section Gsw becomes significant at 4800 hours with a peak
value of 12.5 psi/hr at 6050 hours, and is almost a constant 6 psi/hr
after 8000 hours. In the third axial section 5sw becomes significant
at 3400 hours. It has a peak of 21 psi/hr at 5200 hours. Because the
differential swelling changes direction, at 6600 hours Gsw changes to

negative and has a constant -4 psi/hr value after 7500 hours.
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Several days after gap closure the Pfc induced 5p reaches a peak
value of 8 psi/hr, 5.5 psi/hr, and 7.1 psi/hr in the first, second,
and third axial sections, respectively.

Because of the thin wall geometry of the clad, any change of 5sw
and 59 can generate a shear force, which can produce 5CP in the clad.
As Figure AO-3 shows, 6cp always tries to relax the stress produced by
the swelling or the pressure. Before the gap closure there is also a
large creep rate in each axial section due to the relaxation of the
thermal stress that was induced during the start-up period.

The sum of ép, 5cp and ésw’ in Figure A0.3, represents the net
Stress rate 4t the clad outer wall. The stress variation can also be
obtained from this net stress rate.

Figure A0-4 shows the time behavior of the maximum clad stress
(Gg)max at the clad outer wall. The thermal stress, induced by the
start-up heating, at first is relaxed by the creep effect. After the
gap closes, th2 stress suddenly increase- due to the effuct of Pfc'
This stress increment induces shear, which in turn relaxes the stress
a few hundred hours after the sudden increase. The stress is then

increased by the action of P In the time period during which the

fe*
differential swelling in the clad becomes active, the stress increases
its value. This stress increase is followed by a decrease. At

13000 hours (12% burn-up), the maximum clad stress is 19.4 ksi,

9.4 ksi, 13.5 ksi in the first, the second, and the third axial section,
respectively.

Figure AO-5 shows the radial distribution of the clad hoop stress

as a function of time. The start-u, thermal stress has a large radial

!
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slope in each axial section At 1315 hours (1.3% burn-up), this stress
ie relaxed by the creep effect. At 4050 hours (3.9% burn-up peak) it
increases to a positive value due to the action of Pfc after gap
closure. At 8053 hours (7.7% burn-up), the radial slopes of the
stress distribution increase ir r“e second and the third axial sections.
This is the result of the differential swelling in the clad in these
two sections. At 12818 hours (11.8% burn-up peak). The clad swelling
increases the slope in the first axial section, and the creep
decreases the slope in the other two sections.

Figure AD-6 shows the total hoop strain in the clad for each
axial section. After 13000 hours of irradiatioun, the total hoop

strain (eg) is 5.1%, 1.9%, and 4.2% in the first, second and

tot
third axial section, respectively.

Figure AO-7 shows the radial distribation of the total hoop
strain and the swelling strain in the clad. In the first axial section
the swelling strain is small; the creep strain induced by Pfc is the
major contributor to the total strain. In the second and the third
axial section the contribution of the swelling strain to the total
strain is 67.1%Z and 25%. The remaining part of the total strain is
mainly creep strain.
(2) Case Al (CRBR, 12 kW/ft)

Figure Al-1 shows the temperature dependence of the swelling in

the clad. It also shows the temperature range across the clad wall in

each axial section. The differential swelling across the clad wall is

small.
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Figure Al-2 shows the fuel-clad gap closures and the fuel-clad
interaction force (Pfc)' The gap closes at 1800 hours, 1650 hours, and
2000 hours in the first, second, and third axial sections, respectively.

At 13000 hours (12% peak burn-up), the P_ is 4.9 ksi. i.6 ksi, and

fe
3.4 ksi in each axial section, respectively. The plenum pressure is
1.0 ksi at chat time.

Figure Al-3 shows the clad hoop stress rate due to the irradiated

swelling (5sw)’ the creep (5 ), and the pressure (Gp). Because of the

cp
small differential swelling, a

. is small in all three axial sections.
In the second axial section, the fuel temperature is higher, the fuel
is softer and so Pfc is smaller. The combination of 5sw’ 5cp and &p
give. the net hoop stress rate, which determines the stress variation
in the clad.

Figure Al-4 shows the history of (Gg)max in each axial section.
In the second and third axial sections, the maximum hoop at the clad

outer wall is caused by the P After 13000 hours irradiation,

fc®
(9g) 1. 15 20 ksi, 10.2 ksi, and 15.7 ksi in each axial section,
respectively.

Figure Al-5 shows the radial distribution of the hoop stress
across the clad wall. The thermal stress induced by start-up heating
is first relaxed by the creep effect. After the fuel-clad gap
closes, Pfc causes tension across the clad wall.

Figure Al-6 shows the total hoop strain in each clad axial
section. At 13000 hours, the total strain is 5.4%, 1.8% and 4.2% in

the first, second, and third axial section.
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Figure Al-7 shows the radial distribution of the total hoop
strain and the creep strain across the clad wall. At 1000 hours the
creep strain is 86.1%Z, 34.0%, and 76.9% of the total strain in the
first, second and third axial sections, respectively. The rest of the
total strain is mainly swelling strain.

(3) Case A3 (CRBR, 12 kW/ft)

Figure A3-1 shows the temperature dependence of the clad
swelling and the temperature range across the clad wall in each axial
section. The swelling is larger at the hot region (inner wall) in the
first axial section while in the second and the third axial sections,
it is larger at the cooler region (outer wall). The differential
swelling across the clad wall is larger in the first and the second
axial sections than in the third one.

Figure A3-2 shows the fuel-clad gap closure and the fuel-clad
interaction force. The gaps clese at 1900 hours, 1600 hours and 1970
hours in the first, second and third axial sections, respectively.

At 13000 hours (12.0% peak burn-up), Pfc is 4.7 ksi, 1.2 ksi, and
3.5 ksi in each axial section, respectively.

Figure AJ-13 shows the hoop stress rate at the outer wall of
the clad due to the pressure (ép)' the swelling (&cw)’ and the creep
(ch). Because of the differential irradiated swelling across the
clad wall, 5sw is positive in the first axial section and negative iu
the second and the third axial sections at the outer wall of the clad.
The combination of 6p’ 5sw’ and écp gives the net hoop stress rate

(59) which governs the behavior of the hoop stress at the outer wall

of the clad.
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Figure A3-4 shows the history of the maximum hoop stresses. In
the first axial section, the maximum hoop is 20.5 ksi at 13000 hours at
the clad outer wall because of the smaller swelling in this region.

In the second axial section, the clad inner wall has smaller swelling
and so the maximum hoop stress is found in this region at 13000 hours
with a value of 11.5 ksi. In the third axial section, the maximum

hoop occurs in the clad inner wall. After 9800 hours, the Pfc is large
enough to induce larger tensions and causes maximum hoop stress in

the clad outer wall. At 13000 hours, the maximum hoop stress is

15.5 ksi in chis axial section.

Figure A3-5 shows the hoop stress distribution across the clad
wall at O hours, 1310 hours, 3920 hours, 7920 hours, and 11730 hours.

Figure A3-6 shows the total hoop strain in the clad. At
13000 hours (12% peak burn-up), it is 6.6%, 4.6%Z, and 4.3% in the
first, second and third axial section, respectively.

Figure A3-7 shows the radial distribution of the total hoop
strain and the creep strain across the clad wall. At 10000 hours,
the creep strain is 66.7%, 6.8%, and 75.8% of the total hoop strain
in the first, second, and third axial sections, respectively. The
rest of the total strain is mainly swelling strain.

(4) Case A4 (CRBR, 12 kW/ft)

Figure A4~]1 shows the clad swelling pattern as a runction of the
temperature. The temperature range across the clad wall in each axial
section is also shown. The third axial section has the largest clad
swelling, while the second axial section has the largest differential

swelling across the clad wall.
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Figure A4-2 shows the gap thickness and the fuel-clad interaction
force in each axial section. The gap closes at 1830 hours, 1550 hours,
and 2100 hours in the first, the second and the third axial section,
respectively. After the gap closure Pfc is highest in the first axial
section because of the lower fuel temperature and less clad swelling.
Pfc is 5 ksi, 1.4 ksi and 3.5 ksi in the first, the second, and the
third axial section, respectively at 13000 hours (12.0% peak burn-up).
The plenum pressure is 1 ksi at this time.

Figure A4-3 shows the clad-hoop stress rate due to creep,
swelling, and preésute. In the second axial section &sw is large
because of the large differential swelling across the clad wall. This

Ogy Can generate &cp and relax the stress induced by the differential
swelling effect. Because of the higher fuel temperature in this axial
section, the fuel is softer and SP is smaller. In the first and the
second axial sections, the stresses induced by swelling and pressure
can also be relaxed by the creep effect. In all three axial sections
the summation of asw, 5Cp, and ép represents the net rate for the hoop
stress in the clad. The behavior of the hoop stress variation
(Figure A4~4) can thus be understood clearly by knowing this net hoop
stress.

Figure A4-4 shows the maximum hoop stress in the clad. First
the start-up thermal stress is relaxed by the creep effect. After the
gap is closed, the stress is first relaxed by the high shear generated

by a sudden jump of Pfc' Then the stress is increased by the clad

differential swelling and the acting of Pfc' At 13000 hours (12.0%

burn-up peak), the maximum hoop stress is 20.5 ksi, 12.2 ksi, and
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16.0 ksi in the first, the second, and the third axial sections,
respectively.

Figure A4-5 shows the radial distribution of the hoop stress
across the clad wall at different times. Because of the differential
thermal expansion during he start-up period, the thermal stress at
t = 0 hour has a large slope across the clad wall. This stress can be
relaxed by the creep effect to a flatter slope. In the second axial
section, the differential swelling causes a larger slope even at
large burn-ups. In the first and the second axial sections, Pfc
causes tension across the clad wall.

The total hoop strain is shown in Figure A4-6. The radial
distribution of the total strainm and the creep strain across the clad

wall is shown in Figure A4-7. Because of the large P in the f.rst

fc
axial section, the creep strain is the main contributor to the total
strain. As a result of the large clad swelling in the third axial
section, the swelling strain makes the largest contribution to the
total strain in that section. At 10000 hours (9.2% peak burn-up), the
creep strain is 88.2%, 29.4%, and 45.0% of the total strain in the
first, second and the third axial section, respectively. The rest of
the total strain is mainly swelling strain. At 13000 hours (12% peak
burn-up), the total hoop strain is 4.8%, 3.0%Z, and 5.9% in each axial
section, respectively.

The percentage of the axial displacement for the fuel and the clad
is shown in Figure A4-8. Before 1700 hours, the fuel axial displace-

ment is small because the fuel-clad gap is still open and there is no

clad confinement in the radial direction. At 12000 hours (11% peak
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burn-up), 21.3% and 0.36% of the axial displacement is in the fuel
and the clad, respectively.
(5) Case R1 (CRBR, 12 kW/ft)

Figure R1.1 shows P_. in each axial section. After 13000 hours of

fe
irradiation, Pfc is 6.6 ksi, 3.0 ksi, 1.8 ksi, 1.4 ksi, 1.7 ksi,
2.2 ksi, and 4.5 ksi in each axial section, respectively.

Figure R1.2 shows (og)nax in each axial section. (cg)max exhibits
peaks at 6400 hours, 5400 hours, and 6500 hours in fourth, fifth and
sixth axial sections, respectively. After 13000 hours of irradiation
(05) pay 18 235 ksi, 14.8 ksi, 10.9 ksi, 8.5 ksi, 9.5 ksi, 12.6 ksi,
and 18.4 ksi in each axial section, respectively.

Figure R1.3 shows (e;). After 13000 hours of irradiation, it is
6.3%, 3.0%, 1.9%, 1.6%, 2.3%, 3.3%, and 5% in each axial section,
respectively.

(6) Case BO (CRBR, 9 kW/ft)

Figure BO-1 shows the fuel-clad gap closure and the fuel-clad
interaction force after the closure. The gap closed at 2160 hours,
1780 hours, and 2140 hours in the first, second, and third axial
sections, respectively. Pfc increases to 3.5 ksi, 0.8 ksi, and
1.7 ksi at 8000 hours (Bu = 6% peak) and is 6 koi, 1.1 ksi, and
2.4 ksi at 13000 hours (Bu = 9.2%Z peak) in each axial section,
respectively. The plenum pressure is 0.66 ksi at 13000 hours.

Figure BO-2 shows the swelling rate at each radial node across
the clad wall. The swelling rate becomes significant at 10000 hours,

7000 hours and 6000 hours in the first, the second and the third

axial sections. The differential swelling rate across the clad
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wall can result in stress change. In the first axial section, the
differential swelling racte across the clad is 0.7 x 10-6/hr at 13000
heurs. In the second axial section, it is 1.0 x 10-6/hr,

1.2 x 10-6/hr and 1.1 x 10-6/hr at 8000 hours, 10000 hours and 13000
hours, respectively. In the 3rd axial section, it is 0.9 x 10-6Ihr,
2.6 x 10-6/hr. and -0.2 x 10-6/hr at 6500 hours, 8000 hours, and

13000 hours, respectively. The differential swelling rate changes its
direction at 10000 hours in the third section.

Figure BO-3 shows the rate of the hoop stress, due to creep,
swelling and pressure at the outer wall of the clad. In the second
axial section, the clad stress rate (due to Pfc) is lower than that
in the other two sections, because the fuel temperature is higher,
and so the fuel is softer. The stress due to swelling becomes signifi-
cant at 10000 hours, 7000 hours, ard 6000 hours in each section,
respectively. In the second axial section, the differential swelling
rate stays almost constant, and so does the stress rate due to
swelling after 9400 hours. In the third axial section, the stress
rate due to the swelling reaches a maximum at 8400 hours and then
decreases due to a decrease in the differential swelling across the
clad wall. After 11200 hours, this swelling stress becomes negative
with a value of -0.5 psi/hr at 13000 hours.

As we can see in Figure B0O-3, any chenge in the stress rate, due
to pressure ard swelling, can induce a creep stress rate which relaxes
the stress. The combination of the stress rate due to the pressure,
swelling, and creep effects, gives the net stress rate which determines

the stress variations.
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Figure BO-4 shows the history of (og)nax in each axial section.
The thermal stresses, induced by the start-up heating, are first
relaxed by the creep effect. The gap closure is followed by a stress

jump under the influence of P This induces shear to the clad and

fe'
the creep effect can relax the stress several hundred hours after

the stress jump. The clad differential swelling results in stress
variations at about 8000 hours in the second and the third axial
sections. In the first axial section, the increase of Pfc results in
stress increment. At 13000 hours (9.2% peak burn-up), the hoop stress
at the clad outer wall is 21.5 ksi, 9 ksi, and 13 ksi in the first,
second, and third axial sections.

Figure BO-5 shows the radial distribution of the hoop stress
across the clad wall at different times. The start-up thermal stress
is first relaxed to a flatter shape. After gap closure Pfc adds
tension to the hoop stress all across the clad wall. The slope
increment of the hoop curves in the second and third axial section
at 13000 hours and 8075 hours is due to the differential swelling
across the clad wall.

Figure BO-6 shows the total hoop strain at the clad outer wall.
It is 5.2%, 1.4 Z and 2.2% at 13000 hours (9.2% peak burn-up) in each
axial section, respectively.

Figure BO-7 shows vhe radial distribution of the total hoop
strain and the creep strain across the clad wall. At 10000 hours,
the creep strain is 90%, 40%, and 60% of the total strain in the first,

the second, and the third axial sections, respectively. The remaining

part of the total strain is mainly swelling strain.
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(7) Case Bl (CRBR, 9 kW/ft)

Figure Bl-1 shows the temperature dependence of the swelling in
the clad. It also shows the temperature range across the clad wall
in each axial section. The swelling is the largest in the third axial
section, and is the smallest in the first axial section.

Figure Bl-2 shows the gap closure (GAP) and the interaction force
between the fuel and the clad. The gap closes at 2100 hours,

1800 hours, and 2200 hours in each axial section, respectively. After
gap closure, Pfc is largest in the lst axial section and is smallest
in the second axial section. After 13000 hours of irradiation

(Bu = 9.5%), Pfc is 5.6 ksi, 0.9 ksi, and 2.3 ksi in each axial
section, respectively. At this time, the plenum pressure is 0.5 ksi.

Figure Bl-3 shows the maximum hoop stress in the clad. The
radial maximum of the hoop stress is located at the outvr wall of the
clad in all three axial sections. Pecause of the larger Pf: in the
first axial section, (og)max is larger there than in the other two
sections. After 13000 hours of irradiations, Pfc is 20.6 ksi,

9.8 ksi, and 13.9 kei, in each axial section, respectively.

Figure Bl-4 shows the total hoop strain in the clad. Because of
the large Pfc in the first axial section, the total hoop strain is
also larger there than in the other two sections. After 13000 hours of
irradiation, the total hoop strain is 5.3%, 2.5Z, and 3.5%, in each
axial section, respectively.

Figure Bl-5 shows the radial distribution of the hoop strain

across the clad wall. It also shows the creep strain. The creep



strain is 94%, 26.7%, and 28.6X% of the total hoop strain in each axial
section, respectively.
(8) Case B3 (CRBR, 9 kW/ft)

Figure B3-1 shows the temperature dependence of the swelling
pattern in the clad. It also shows the temperature range across the
clad wall in each axial section. The clad has larger swelling at the
cooler region (outer wall) in the second and the third axial section.
In the first axial section, the swelling is larger in the hotter
region (inner wall). The differential swelling across the clad wall
is large in the first and third axial section and small in the
second axial section.

Figure B3-2 shows the fuel-clad jap closure, and the fuel-clad
interaction force after the closure. The gap closes at 2212 hours,
2008 hours, and 2187 hours in the first, second, and third axial
section, respectively. Pfc has its highest value in the first axial
section. At 13000 hours (9.2% peak burn-up), it is 5.6 ksi, 1.0 ksi,
and 2.9 ksi in each axial section, respectively. At 12000 hours,
the plenum pressure is 0.6 ksi.

Figure B3-3 shows the hoop stress rate at the clad outer wall
due to differential swelling (6sw)‘ creep (écp), and pressure (ép).
In the first axial section the 5sw is positive and ép is larger than
in the other two ¢xial sections. In the second and the third axial
section ésw is negative. The combination of the 6sw’ ch, and 5p
gives the not stress rate which determines the stress variation in

the clad.
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Figure B3-4 shows the maximum hoop stress in the clad in each
axial section. The stress behavior at the clad outer wall can be

understood by examining Figure B3-3. 1In the second and the third

axial sections the maximal hoop stress occurs at the inner wall of the
clad. This is due to the larger swelling at the outer wall,

results in hoop tension to the inner wall, and hoop compression to the
outer wall of the clad. At 13000 hours ¢9.2% peak burn-up), the
maximum hcoop stress is 22.5 ksi, 7.7 ksi, and 15.5 ksi in the first,
second, and third axial section, respectively.

Figure B3-5 shows the radial distribution of the hoop stress
across the clad wall. The thermal stresses, induced by the start-up
heating, are first relaxed to a flatter shape by the creep effect
v1380 hours). At 4130 hours, 8000 hours, and 12000 hours, Pfc induces
tension to all three axial sections, and the differential swellings
increase the slope of the curves. Because of the different direction
of the differential swelling, the sign of the slope of the hoop curve
in the first axial section is opporite to those in the other two
axial sections.

Figure B3-6 shows the total hoop strain in the clad. At 13000
hours, the total strain is 5.9%, 4.2% and 2.4% in the first, second,
and third axial se..ion, respectively.

Figure B3-7 shows the radial distribution of the total hoop
strain and the crezep strain across the clad wall. At 10000 hours
(7% peak burn-up), the contribution of the creep strain to the total
strain is 70.4%, 3.3%, and 44.4% in each axial section, respectively.

The remainder is mostly swelling strain.
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(9) Crse B4 (CRBR, 9 kW/ft)

Figure B4-1 shows the temperature dependence of the swelling in
the clad and the temperature range across the clad wall in each axial
section. The swelling is t.gliest in the third axial section and
lowest in the first axial section. The differential swelling across
the clad wall is nighest in the second axial section.

Figure B4~2 shows the fuel-clad gap closure and the fuel-clad
interaction force in each axial section. The gaps close at 2150
hours, 1800 kours, and 2250 hours in the first, second and third
azial section, respectively. At 13000 hours, Pfc is 5.4 ksi, 1.0 ksi,
and 2.9 ¥s1 in each axial section. The plenum pressure is 0.55 ksi
at that time.

Figure B4-3 shows the hoop stress rute, at the outer wall of the
clad, due to the differential swelling (ésu), the creep effect (écp),
and the pressure (ap). As this figure shows, &sw is high and &p is
low in the second axial section. The summation of 6sw’ 6cp, and ép
gives the net stress rate at the outer wall of the clad. The net
stress rate is low in the second axial section.

Figure B4-4 shows the time history of the maximum hoop stress in
the clad. The hoop stress is maximal at the outer wall of the clad in
all three axial sections. At 13000 hours the maximum hoop stress is
21 ksi, 10.5 ksi, and 16.2 ksi in the axial sections.

Figure B4-5 shows the radial distribution of the hoop stress
across the clad wall. The thermal stress induced by the start-up

heating is first relaxed by the creep effect. After an irradiation

of 4020 bours, 8060 hours, and 11700 hours, Pfc is the wmain cuatributor
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to the hoop tensile in the first axial section. The differential clad
swelling causes the larger slope in the second axial section. 1In the

third axial saction, both the P_ and the differential clad swelling

fe
contribute to the stress change across the clad wall.

Figure B4-6 shows the time aistory of the total hoop strain in the
clad. At 13000 hours it is 5.0%, 1.75%, and 3.9%Z in each axial
section, respectively.

Figure B4~7 shows the radial distribution of the total hoop
strain and the creep strain acrnss the clad wall. At 10000 hours,
the creep strain is 97%, 25%, and 22.5% of the total strain in each
axial section, respectively. The rest of the total strain is mainaly
the swelling strain.

Figure B4-8 shows the percentage of the axial displacement for
the fuel and the clad. At 13000 hours, it is 24.5Z for the fuel and
0.24% for the clad.

(10) Case R2 (CRBR, 9 kW/fc)

Figure R2-1 shows the gap closure and the interaction force
between the fuel and the clad, in each axial section. This figure
shows that the gap closes at 2400 horrs, 1900 hours, 1750 hours,
1750 hours, 2100 hours, 2200 hours, and 2450 hours in each axial
section, respectively. After 13000 hours of irradiation (Bu = 9.5%),
Pfc is 6.4 ksi, 4.0 ksi, 1.8 ksi, 0.7 ksi, 1.0 ksi, 2.8 ksi, and
5.9 ksi in eact. axial section.

Figure R2-2 and Figure R2-3 show (Gg)max and the total hoop

strain in each axial section. After 13000 hours of irradiation,

(o;)w is 22.8 ksi, 18.3 ksi, 11.6 ksi, 7.7 ksi, 6.1 ksi, 15 ksi,



and 16.6 ksi; the total hoop strain is 6.2%Z, 3.6%, 1.7%, 1.5%, 1.6%,
2.6%, and 4.3% in each axial section, respectively.
(11) Case NO (CRBR, € kW/fi)

Figure NO-1 shows the fuel-clad gap closure and the fuel-clad
interaction forces. The gap closes at 7200 hours, 3700 hours, and
5800 hours in the first, second, and the third axial sections,
respectively. At 17000 hours (Bu = 8%Z) the fuel-clad interaction
force is 1.4 ksi, 2.6 ksi, and 1.7 ksi in each axial section,
respectively. The plenum pressure iz 500 psi.

Figure NO-2 shows the hoop stress rate, at the outer wall of the
clad, due to swelling (ésw). the creep effect (écp), and the

.

pressure (&p). &p becomes significant after the gap closes. O o
becomes significant at 12800 hours, 11200 hours, and 13200 hours in
the first, second, and third axial sections. The combination of &cp’
5sw' and 5p is the net stress rate O which governs the behavior of
the hocp stress at the outer wall of the clad.

Figure NO-3 shows the maximum hoop stress in the clad. It
appears at the outer wall in all three axial sections. At 17000 hours,
it is 9.4 ksi, 14.0 ksi, and 10.6 ksi in the axial sections,
respectively.

Figure NO-4 shows the radial distribution of the hoop stress
across the clad wall.

Figure NN-5 shows the total hoop strain in the clad. At 17000
hours, the total hoop strain is 0.60%, 2.7%, and 1.7% in the first,

second, and third axial sections, respectively.

777 114
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Figure NO-6 shows the radial distribution of the total hoop
strain and the creep strain across the clad wall. At 15100 hours,
the creep strain is 46.7%, 57.3%, and 33.3% of the total strain in
each axial section, respectively. The rest of the total strain is
mainly swelling strain.

(12) Case N1 (CRBK, 6 kW/ft)

Figure N1-1 shows the temperature dependence of irradiation
induced swelling in the clad, ard the temperature r1ange across the
clad wall.

Figure N1-2 shows the fuel-clad gap closure and the fuel-clad
interaction force in each axial section. The gap closes at 7100
hours, 3800 hours, and 5800 hours in the first, second, and third

axial sections, respectively. At 17000 hours, the P is 1.2 ksi,

fc
2.4 ksi, and 1.6 ksi in each axial section, respectively. The
plenum pressure is 0.5 ksi.

Figure N1-3 shows the maximum hoop stress in the clad. Tt occurs
at the outer wall of the clad in all three axial sections. At
17000 hours, it is 11.0 ksi, 14 ksi, and 12.5 ksi in the axial
sections, respectively.

Figure N1-4 shows the radial distribution of the hoop stress
across the clad walls at 0 hour, 1310 hours, 3870 hours, 8040 hours,
and 10140 hours.

Figure N1-5 shows the total hoop strain in the clad. At 17000
hours, it is 1.5%, 2.6%Z, and 2.0% in the first, the second, and the

third axial section, respectively.

e
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Figure N1-6 shows the radial distribution of the total hoop
strain and the creep strain across the clad wall at 5000 hours, 7500
hours, and 10000 hours. The rest of the total strain is mainly the
swelling strain.

(13) Case N3 (CRBR, 6 kW/ft)

Figure N3-1 shows the temperature dependence of swelling in the
clad, and the temperature range across the clad wall in each axial
section. The swelling in the clad is high in the second and the third
axial sections and is lower in the first axial section.

Figure N3-2 shows the fuel-clad gap closures and the fuel-clad
interaction forces. The gap closes at 8100 hours, 4500 hours, and
7700 hours in the first, second, and third axial section, respectively.

*t 17000 hours, the P is 0.94 ksi, 1.62 ksi, and 1.04 ksi in each

fc
axial section, respectively. The plenum pressure is 0.5 ksi.

Figure N3-3 shows the maximum hoop stress in the clad. It occurs
at the outer wall in the first and the second axial section, and at
the clad inner wall in the third axial section. At 17000 hours, it is
10.8 ksi, 12.6 ksi and 8.4 ksi in each axial section, respectively.

Figure N3-4 shows the radial distribution of the hoop stress
across the clad wall at 0 hr, 4600 hrs, 8100 hrs, and 100000 hrs.

The slope of the hoop curves in the third axial section have an
opposite sign from those in the other two axial sections. This is

due to the different direction of the differential swelling across the
clad wall and in the axial sections.

Figure N3-5 shows the total hoop strain in the clad. At 17000

hours, it is 2.7%, 5.9%, and 4.4% in each axial section, respectively.
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Figure N3-6 shows the radial distribution of the total hoop

strain and the creep strain across the clad wall ar 5000 hrs,

7500 hrs, and 10000 hrs. At 10000 hrs, the creep strain is 6.7%,

8.3%, and 2.8% of the total strain in each axial section, respectively.
The rest of the total strain is mainly the swelling strain.

(14) Case N4 (CRBR, 6 kW/ft)

Figure N4-1 shows the temperature dependence of the swelling in
the clad, and the temperature range across the clad wall in each
axial section. The clad swelling is small in the first axial section
and larger in the third axial section. The swelling is larger at the
clad inner wall (hotter region) than that at the clad outer wall
(cooler region) in all three axial sections.

Figure N4-2 shows the fuel-clad gap closures and the fuel-clad
interaction forces. The gap closes at 7170 hours, 3700 hours, and
6000 hours in the first, second, and third axial sections, respectively.
The plenum pressure is 0.5 ksi.

Figure N4-3 shows the maximum hoop stress in the clad. 1Ir
occurs at the outer wall of the clad in all three axial sectiocns. At
17000 hours, it is 7.0 ksi, 13.8 ksi, and 11.4 ksi in each axial
section, respect

Figure N4-4 shows the radial distribution of the hoop stress
across the clad wall at 0 hr, 1314 hrs, 3870 hrs, 7930 hrs, and
10030 hrs.

Figure N4-5 shows the total hoop strain in each axial section.

At 17000 hours, it is 0.2%, 1.8%, and 2.1% in the first, second, and

4

third axial sections, respectively. |
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Figure N4-6 shows the distribution of the total hoop strain and
the creep strain across the clad wall at 5000 hours, 7500 hours, and
10000 hours. At 10000 hours, the creep strain is 50%, 60%Z, and 15.3%
of the total strain in each axial section, respectively. The rest of
the total strain is mainly the swelling strain.

V.3. Calculations for Fuel Element Behavior in a Conceptual 1000

MW LMFBR
(1) Case HO (LMFBR, 15 kW/ft)

Figure HO-1 shows the time history of the fuel-clad gapr closures
and the fuel-clad interaction forces. The gap closes at 1915 hours,
830 hours, and 2270 hours in the first, second and third axial
sections, respectively. The gap of the second axial section reopens
at 3230 hours and has a value of 4.4 mils at 13000 hours. The Pfc
increases with time and has a value of 860 psi and 840 psi at
13000 hours in the first and third section, respectively. The plenum
pressure is 810 psi at that time.

Figure HO-2 shows the Jisplacement of the fuel outer boundary
(FUB) and the clad inner boundary in the second axial section. Before
the fuel-clad gap closure, the movement of the fuel ouvter boundary
reduces the gap and closes it = 830 hours. After 830 hours, the
clad confinement reduces ti. rate of FUB. After 2800 hours, tne
swelling in the clad beocmes higher, the clad starts to swell faster
thaa the fuel boundary, and the gap reopens at 3230 hours.

Figure HO-3 shows the effect of clad confinement on the fuel

boundary movement. During the 400 hours of gap closure in the second
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axial section, the clad limits the fuel movement in the radial direc-
tion within two mils.

Figure HO-4 shows the rate of swelling strain at the radia. nodes
across the clad wall. The swelling rate becomes significant at 4000
hours, 2000 hours, and 600 hours in the first, second and third axial
sections, respectively. The differential swelling strain across the
clad wall can induce stresses in the clad. In the first axial section,
the differential swelling is 2 x 10"8/hr and 3.8 x 10”8/hr at 4800
hours and 6800 hours, respectively. After 4800 hours, it is constant.
The hotter region always has larger swelling and the cooler region has
smaller swelling in the second axial section. The differential swell-
ing is 3 x 10" %me, 1.1 x 10"%/he, and 4.5 x 107%/be at 2200 brs,

3000 hrs, and 3400 hrs, respectively in this region. After 3440 hrs,
the peak of the swelling rate shifts to the center node (b). The
differential swelling rate is about 2 x 10-6/hr after 4200 hours.

In the third axial section, the differential swelling is 1.8 x 10-6/hr
and 3.5 x 10-6/hr at 800 hours and 1400 hours. Before 1440 hours,

the hotter node (a) has a higher swelling rate and the cooler node (c)
has a smaller swelling rate. After 2400 hours, the direction of the
differential swelling changes, i.e., the cooler node (c) has the
higher swelling rate and the hotter node (a) has the smaller one.

The differential swelling is 4.1 x 10-6/nr and stays almost constant
after 2450 hours.

Figure HO-5 shows the hoop stress rate at the outer wall of the

clad due to swelling (Osw) and the creep (ocp). Oy 18 caused by the

differential sweiling rate across the clad wall, described in
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Figure HO~4. In the first axial section, 58“ becomes significant at
3900 hours and stays almos® constant (20 psi/hr) after 5800 hours.
In the second axial section, &sw becomes significant at 1900 hours
and reaches a peak value of 65 psi/hr, at 3050 hours. After 4400
hours, &sw is small because the differential swelling across the clad
wall is small. 1In the third axial section 6sw becomes significant at
750 hours and reaches a peak of 23 psi/hr at 1600 hours. After
1900 hours 6sw becomes negative because the direction of the differen-
tial swelling across the clad wall is changed. The change of 6sw is
always followed by the change of &cp in the same direction to relax
the swelling stress in the clad. Because of the high temperature and
neutron flux in this case, the fuel-clad mechanical interaction force
is small. The combination of ésw and écp represents the net stress
rate (5) which governs the stress variations at the outer wall of the
clad. The net stress is negative in the first several hundred hours
because the creep relaxes the thermal stress, induced by the start-up
heating. & becomes positive at 3900 hours, 2000 hours, and 600 hours
in the first, second, and third axial section, respectively. In the
first axial section, 3 is positive and small after 6000 hours. In the
second axial section 0 is positive between 2000 hours and 3000 hours,
and is negative between 3000 hours and 4600 hours. After 4600 hours
Gis positive, but small. In the third axial section, o is positive
between 600 hours and 1570 hours and becomes negative at 1570 hours.
Figure HO-6 shows the maxin.m noop stress in rthe clad. It occurs
at the outer wall in the first axisi section and at the inner wall in

tiie second and the third axial sections after 800 hours and 2500 hours,
j oS b e W
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respectively. The hoop stress has a peak at 3200 hours and 1500 hours,
10.5 ksi and 8.2 ksi in the second and the third axial section. The
time variation of the hoop stress at the outer wall of the clad can be
seen in Figure HO-5. At 14000 hours, the maximum hoop stress is

9.2 ksi, 6.4 ksi, and 7.6 ksi in the first, second and third axial
sections, respectively. The maximal hoop stress is 10.5 ksi at 3200
hours at the outer wall of the clad in the second axial section.

Figure HO-7 shows the radial distribution of the hoop stress
across the clad wall. The thermal stress is relaxed at t = 0 by the
creep effect and then it is influenced by the differential swelling
rate and the creep relaxation across the clad wall.

Figure HO-8 shows the total hoop strain at the outer wall of the
clad at 13000 hours. It is 2.5%, 6.2% and 3.7% in the first, second
and third axial sections, respectively.

Figure HO-9 shows the radial distribution of the total hoop
strain and the swelling strain across the clad wall. At 12000 hours
the swelling strain is 80%Z, 93.8%, and 82.2% in each axial section,
respectively.

Case H1 (LMFBR, 15 kW/ft)

Figure Hl-1 shows the temperature dependence of the irradiation-
induced swelling in the cladding and the temperature range across the
clad wall.

The first axial section has higher differential swelling across
the clad wall (han the other two axial sections.

Figtre Hl-2 shows the fuel-clad gap closure and the fuel-clad

interaction forces in z2ach axizl section. The gap closes at
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2230 hours, 1000 hours, and 2100 hours in each axial section,
respectively. At 13500 hours, the clad swells away from the fuel and
the fuel-clad gap reopens in the second axial section. At 12000

hours, the P_. is 830 pegi, 775 psi, and 800 psi in each axial section,

fc
respectively. The fission gas pressure is 760 psi at that time.

Figure Hl1-3 shows the maximum hoop stress in the clad. It
occurs at the clad outer wall in the first and second axial sections
and at the clad inner wall in the third axial section. At 13000
hours, the maximum hoop stress is 7.5 ksi, 6.8 ksi, and 6.3 ksi in
the first, second, and third axial sections, respectively.

Figure Hl-4 shows the radial distribution of the hoop stress
across the clad wall. The thermal stress, induced by the start-up
heat, at first is relaxed by the creep effect. The slope of the curves
in the third axial section is opposite to those in the first and
second axial sections after 8300 hours and 16C00 hours. This is due
to the differential irradiated swelling of the clad in the third
axial section. Its direction is opposite to those in the other two
axial sections.

Figure H1-5 shows the total hoop strain in the clad. At 13000
hours, the total strain is 2.5%, 4.5%Z, and 3.47 in each axial
section, respectively.

Figure H1-6 shows the radial distribution of the total hoop
strain and the swelling strain across the clad wall. At 15000 hours,

the swelling strain is 88.9%, 94%, and 84.6Z of the total strain in

each axial section, respectively.
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Figure Hl-7 shows the percentage of the axial displacement for
the fuel and the clad. At 13000 hours it %s 16Z for the fuel and
1.1% for the clad.

(3) Case H5 (LMFBR, 15 kW/ft)

Figure H5-1 shows the gap closure and P The gap closes at

fc’
2100 hours, 1400 hours, 800 hcars, 1200 hours, 2500 hours in each

axial section, respectively. The gaps in the second, the third, and
the fourth axial sections reopen at 4400 hours, 3200 hours, and 2700
hours, respectively. The gaps in the first and the fifth section do
not reopen. After 13000 hours irradiation, Pfc is 960 psi and 900 psi,
respectively in these two gaps.

Figure H5-2 shows (og)max in the clad. It reaches a peak value
at 3200 hours, 2300 hours, and 1400 hours in the third, fourth, and
fifth axial section, respectively. In the first and second axial
section (Og)max starts to increase rapidly at 4100 hours and 3200
hours, respectively, and appears at the outer wall of the clad. In
the other axial sections (Gg)max occurs at the inner wall of the clad
after 5000 hours of irradiation.

Figure H5-3 shows the hoop strain in the clad. After 13000
hours of irradiation, (eg) is 2.6%, 5.1%, 6.7%, 6.0%, and 4.2% in
each axial sect’'on, respectively.

(4) Case MO (LMFBR, 9 kW/ft)

Figure MO-1 shows the fuel-clad gap closures and the fuel-clad

interaction forces. The gap closes at 2100 hours, 1300 hours, and

2600 hours in the first, second, and third axial sections,

respectively. After 14000 hours of irradiation, P, 1is 1280 psi,
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500 psi, and 660 psi in each axial section, respectively. Because of
the faster clad swelling, Pfc reduces its magnitude at 4400 hours and
at 5000 hours in the second and the third axial sections, respectively.
The plenum pressure is 450 psi at 14000 hours.

Figure MO-2 shows the swelling rate of the radial nodes in each
axial section of the clad. The differential swelling across the clad
wall becomes significant at 5400 hours, 5000 hours, and 4400 hours in
the first, second, and third axial sections, respectively. The
smallest swelling rate occurs at the outer wall of the clad in all
three axial sections. The differential swelling across the clad wall
is constant after 6600 hours, 6200 hours, and 7200 hours. The
differential swelling induces tension to the hoop stress at the outer
wall of the clad.

Figure MO-3 shows the hoop stress rate at the outer wall of
the clad due to swelling (ésw), craep (&cp)’ and pressure (ép).
As an effect of the differential swelling across the clad wall, &

sSw

is positive in each axial section. The combination of 5sw’ ch, and
Gp gives the net hoop stress rate (50), which governs the variation of
the hoop stress at the outer wall of the clad. 56 has a significant
positive value between 5200 hours and 6600 hours, 4600 lours and
6000 hours, and 4200 hours and 6200 hours in the first, second, and
third axial sections, respectively. In the third axial section 59
is negative between 6300 hours and 7200 hours.

Figure MO-4 shows the maximum hoop stress in the clad. It

occurs at the outer wall of the clad in all three axial sections. In

the third axial section there is a peak at 6300 hours with a
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7.5 ksi magnitude. The time behavior of the maximum hoop stiess can
be understood by knowing the net hoop stress rate (Figure MO-3). At
14000 hours, the maximum hoop stress is 9.3 ksi, 7.6 ksi, and 6.8 ksi
in the first, second, and third axial section, respectively.

Figure MO-5 shows the distribution of the hoop stress across the
clad wall at O hr, 1260 hrs, 4020 hrs, 8150 hrs, and 1203C hrs.

Figure MO-6 shows the total hoop strain in the clad. At 14000
hrs, it is 1.4%, 2.9%Z, and 3.3% in the first, second, and third
axial section, respectively.

Figure MO-7 shows the distribution of the total hoop s*rain and
the creep strain across the clad wall. At 10000 hours, the swelling
strain is 43%, 78.7%Z, and 85.8% of the total straiu in e'.ch axial
section, respectively. The rest of the total strain is mostly creep
strain.

(5) Case M1 (LMFBR, 9 kW/ft)

Figure M1-1 shows the fuel-clad gap closure (CAP) and the fuel=-
clad interaction forces (Pfc). The gap closes at 2100 hours, 1800
hours, and 3400 hours in the first, second, and third axial sectione.

respectively. At 14000 hrs, the P_ is 128 ksi, U.5 ksi, and 0.76 Lsi

fc
in each axial section, respectively. The plenum pressure is 0.45 ksi.

Figure M1-2 shows the maximum hoop stress in the clad. It appears
at the outer wall of the clad in all three axial sections. At 14000
hrs, it is 8.7 ksi, 5.6 ksi, and 5.4 ksi in each axial section,
respectively.

Figure M1-3 shows the radial distribution of the hoop stress across

the clad wall at 0 hr, 1580 hrs, 4080 hrs, 8200 hre, and 11810 hrs.
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Figure M1-4 shows the tot: . hoop strain in the clad. At 14000
hours, it is 1.4%, 2.1%, and 2.0% in the first, second, and third
axial sections, respectively.

Figure M1-5 shows the radial distribution of the total hoop
strain and the creep strain across the clad wall at 5000 aours,

7500 hours, and 10000 hours. At 10000 hours the s~ .ing strain is
77.8%, 92%, and 90% of the total strain in each axial section,
respectively.

V.4. The Rate of the Fuel Swelling

The calculated rates of the fuel swelling for cases HO, MO, and
NO are shown in Figure FSW. Some other data for the fucl swelling are
also showi in this figure.

V.5. Discussion of Applications

In sections V.5.1, V.5.2, and V.5.3 the fuel-clad mechanical
interaction, the stress in the clad, and the strain in the clad are
discussed for cases AO, BO, NO, Rl and R2 in CRBR, and cases HO, MO,
and H5 are for the conceptual reactor. In section V.5.4, the sensi-
tivity of the clad-swelling correlation is discussed.

V.5.1 The Fuel-Clad Mechanical Interact. on

In the 12 kW/ft linear power case for CRBR, a large portion of
the fuel is in the columnar and equiaxed zone. The undisturbed zone
is relatively small. This undisturbed fuel is mechanically strong

and can prevent the outward swelling of the weak fuel region. After

the fuel-clad gap closure, the interaction force is dependent on the
amount of mechanically strong fuel which can push the clad effectively

as it swells. In 12 kW/ft and 9 kW/ft fuel elements the amount of
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the strong fuel is relatively small in the second axial section, the
fuel temp rature and the creep race are higher; Pfc is thus
smaller than in the other sections. Because of the lower temperature
distribution in the first axial section, there is more cold fuel
zone and less fuel creep rate. The fuel can push the clad stronger
after gap closure. Pfc is thus higher in this section than in the
other two sections.

As Figure AO-1 and Figure BO-1 show, Pfc is larger in the
first, and smaller in the second axial section throughout the whole
irradiation history. After 10800 hours of irradiation (Bu = 10.%)

in the 12 kW/ft case, the calculated P o is 4.2 ksi, 1.2 ksi, and

f
2.8 ksi in the first, second, and third axial section, respectively.
Aiter 13700 hours of irradiation (Bu = 9.8%) in the 9 kW/ft case,
the calculated P is 6.2 ksi, 1.1 ksi, and 2.6 ksi, in the axial
sections, respectively. Figures Rl-1 and R2-1 also show larger Pfc
in the bottom half of the fuel pin.

In the 9 kW/ft case, the temperature distribution and the
neutron flux are lower, hence the creep rate in the fuel is lower than
12 kW/ft case. Consequently the strong fuel can push the clad more
effectively and at the same burn-up it results in a higher Pfc
for the 9 kW/ft than for the 12 kW/ft fuel element.

In 6 kW/ft fuel elements, the linear power is low and the fuel is
strong. In this case, the higher linear power and the relatively
higher temperature in the second axial section causes the fuel to

swell faster and push the clad stronger. As Figure NO-1 shows, Pf~

is larger in the second axial section than in the other sections.
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After 17000 hours of irradiation (Bu=8%), the calculated Pfc is
1.4 ksi, 2.6 ksi, and 1.7 ksi in each axial section, respectively.

As the neutron flux increases from the assumed 4.6 x 1015

neut/cmz—sec in CRBR to 8.5 x 1015
there is a faster generation rate of interstatials and vacancies in
the fuel, which enhances the creep rate. This effect reduces the
fuel-clad inta2raction forces after gap closure. Also, the high flux
leads to faster swelling in the clad which further reduces the
mechanical interaction. For fuel elements irradiated 19000 hours in

the conceptual reactor, and 10900 hours in CRBR, both with 8% burn-up,

the calculated Pfc in the first axial section is 1.6 ksi in the con-

ceptual LMFBR and 4.9 ksi in CRBR (Figures MO-1 and BO-1). In the case

of 15 kW/ft ruel element in the conceptual LMFBR, the fuel-clad gap
closes after 1300 hours of irradiation in the second axial section.
This gap reopens after 3200 hours of irradiation (Figure HO-1). 1If
cae fuel column has five axial sections instead of three, the gap
reopens at 4400 hours, 3200 hours, and 2800 hours in the second,
third, and fourth axial sections, respectively (Figure HO-0).
This gap reopening is caused by the larger rate of clad swelling.
No gap reopening has been calculated for CRBR's with 4.6 x 1015
neut/cmz-sec flux.
V.5.2 The Stress in the Clad

The stresses in the clad are induced mainly by the action of Pfc
and by the differential irradiation-induced swelling across the clad

wall. For the 12 kW/ft and the 9 kW/ft fuel element in CRBR, Pfc’

and thus (Gg)max’ is higher in the first section than those in the

T N
)
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other two sections. Because of the low Pfc ia the second section,
(gg)nax has its lowest vaiue there. As Figures AO-4 and BO-4 show,

at a 10Z of buru-up (10800 hours irradiaticn in 12 kW/f: case and

13700 hours in 9 kW/ft case), (95)  is 17.6 ksi, 8.5 ksi, and

12.%6 ksi for the 12 kW/ft case, and ic 22.0 ksi, 9.2 ksi, and 13.5 ksi
in 9 kW/ft case, in each axial seciion, respectively. The zaiculations,
performed for sevon axial sections in 12 kW/ft ard 9 kW/ft fuel ele-
ments, show that the bottom half of the fuel pin has larger (og)nax
than the upper half (Figures R1-2 and R2-2).

In 6 kW/ft fuel elements in CRBR, P & have the highest

¢ c
fe? ;Js)ma
value in the second sect.on, while thz2ir lowest value is in the first
section. At an 8% burn-up (after 17000 hours of irradiation), (Og)max
is 9.4 ksi, 14 ksi and 10.6 ksi in each axial section, respectively

(Figure NO-3).

c

q) is much lower than in CRBR.
8" max

In cthe conceptual LMFBR, (o
This is due to a much lower Pfc in the conceptual reactor, where the
fuel creep rate is much larger. In the first and third axial
sections of a 9 kW/ft fuel element, (og)max is about half of that in
CRBR.

As Figures MO-4 end BO-4 show, a 9 kW/ft fuel element irradiated
for 19000 hours in conceptual reactor or 10900 hours in CRBR
(8% burn-up), (Og)max is 10.4 ksi, 8 ksi and 7.4 ksi in the conceptual
reactor, and is 20 ks, 9 ksi and 11.5 ksi in CRBR, for each axial
section, respectively.

At certain burn-ups, depending on the clad temperature

distribution, the vacancies, induced by the neutron irradiation in »
& YAy

i
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the clad, reach supersaturation. The rate of the void growth, which
causes the irradiation-induced swelling in the clad, can thus increase
rapidly (Figure AO-2). Because of the differential temperature,

there is also a differential swelling, which generates stress peaks

in the clad. This stress peak appears in the third section of the
fuel elements in CRBR after 5200 hours and 8700 hours of irradiationm,
in the 12 kW/ft and the 9 kW/ft cases, respectively. These peaks are
smaller than the axial maximum of the hoop stress in the first section.
There is no stress peak in the first section because of the relatively
low temperature. In the 6 kW/ft fuel elements, the neutron flux and
the differential swelling across the clad wall are low, therefore no
stress peak is observed (Figure NO-3).

Because of the higher neutron flux in the conceptual LMFBR, the
stress praks occur earlier, at 3200 hours and at 1500 hours of
irradiat‘on, in the second and third sectioms, respectively, for the
15 kW/ft case. Because of the higher temperature and the larger
differential swelling in the clad, these peaks are high. The one in
the second section is the highest stress in the life-time of the fuel
element (Figure HO-6). The peak magnitudes are 10.5 ksi and 8.2 ksi,
{n the second and the third sections, respectively. There is also a
rapid increase of (Ug)max in the first section at 4300 hours, with an
increase of 5.6 ksi in a 130C hour time interval.

The 9 kW/ft fuel elements in the conceptual LMFBR have lower
temperatures than the 15 kW/ft element, so the stress puaks are reduced

in the clad. The maximum stress peak is 7.5 ksi in the third axial

gection which is lower than most of the (Og)max in the first axial
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« ¢tion duriang the irradiation history. (og)max rapidly increases
in the first and the second axial sections too, at 5200 hours and
4600 hours, respectively. The magnitude of increase is 2.8 ksi and
4.0 ksi in these two sectionms, respectively (Figure MO-4).
V.5.3. The Strain in the Clad

The total strain in the clid results from the clad swelling and
from the creep strain induced by the acting Pfc at the inner
boundary of the clad. Because of the relatively large Pfc for fuel
elements in CRBR, a significant part of the total strain in the clad
is the creep strain. Because of the larger Pfc in the first section
of 12 kW/ft and 9 kW/ft fuel elements in CRBR, the contribution of
the creep strain to the total strain is large, more than 90%. 1In the
second axial section about 33% and 40% of the total hoop strain is
the creep strain. In 6 kW/ft fuel elements in CRBR, the creep strain
in the clad is 46.7%, 53.7%, and 33.3%Z in the first, second, and
third axial sections, respectively. The larger creep strain in the

second secticn is caused by the larger P For fuel elements of 8%

fc'
burn-up (irradiated 8640 hours in the 12 kW/ft, 10900 hours in

9 kW/ft, and 17000 hours in 6 kW/ft case) in TRBR, the total hoop
strain in the clad is 2.4%, 0.6%, and 1.6%Z for the 12 kw/ft, 3.7%,
0.8%, and 1.4% for the 9 kW/ft, and 0.6%, 2.7%, and 1.7% in 6 kW/ft
case, in the first, second, and third axial sections, respectively.
At the same burn-up of irradiation, the larger hoop strain in the

first axial section in 9 kW/ft and 12 kW/ft case is caused by a

larger creep strain. There is a larger hoop strain in the second
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axial section in the 6 kW/ft than in the 12 kW/ft and the 9 kW/ft |
case, because of the larger creep strain. |
In the conceptual LMFBR the Pfc is small; therefore, the crzep
strain is a smaller fraction of the total strain in the clad. In
the first axial section, where the largest Pfc occurs at 15 kW/ft
and 9 kW/ft, about 20% of the total hoop strain in the clad is the
creep strain. For fuel element of 8% burn-up after 13000 hours
(15 kW/ft), and 19000 hours (9 kW/ft) irradiation in the conceptual
reactor, the total hoop strain in the clad is 2.8%, 7.1%, and 4.0% in
15 kW/ft case, and 2.5%, 4.6%Z, and 5.1% in the 9 kW/ft case in thc
axial sections, respectively. The total strain in the first axial
section is less than in the other sections becauce there is less clad
swelling resulting from the cooler temperature in this section. In
the 15 kW/ft case, the maximum clad swelling occurs in the second
section, the total strain is thus higher there than in the other
sections. In the 9 kW/ft case the maximal clad swelling occurs in
the third axial section; the total strain is thus higher there.
Because of the cooler temperature in the 9 kW/ft case, the average
clad swelling, and therefore the average total strain, is smaller
than in the 12 kW/ft case.
V.5.4. Sensitivity of the Clad Swelling Correlation
As different correlations are used for the clad swelling, different
fuel pin behavior may follow.
V.5.4.1. High Power Case
For 12 kW/ft fuel elements in CRBR, different correlations are

used for the irradiated swelling in the clad for cases A0, Al, A3, and
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and A4. In these cases, the fuel! boundary movements, induced by the
fuel creep and by the fuel swelling, are the major contributors to the
te and Pfc values. Since the ctame fuel creep and fuel swelling model
are used, tG and Pfc values are similar in these cases. The average
te is 1850 hours, 1590 hours, and 1960 hours, the average Pfc at
13000 hours is 4.9 ksi, 1.5 ksi, and 3.4 ksi in the first, second,

and third axial sections, respectively. The variation of te and

P relative to their average value is within 9%. Right after the gap

fc
closure, a rapid increase of Pfc and of (cg)max follows. The average
time for these fast increases is 96 hours. In that period the average
Pfc increase is 1.1 ksi, 0.5 ksi, and 0.9 ksi and the average (Ug)max
increase is 6.2 ksi, 2.7 ksi, and 5.3 ksi in the first, second, and
third axial sections, respectively. The smaller Pfc increase in the
second section is due to the higher fuel temperature, which induces
softer mechanical properties. In cases Al, A3 and A4, the swelling in
the clad is a linear function of time. There is thus no peak of
(Og)nax in these cases. If the peak of the clad swelling is at 600°C,
the sweliing strain is larger at the hotter region (inner wall)

than at the cooler region (outer wall), so, as in cases AO, Al, and
A4, (Ug)-ax tccurs at the outer wall of the clad. When the clad
swelling peak shifts to 500°C (case A3), the differential sweiling
across the clad wall reverses ite direction in the second and the
third sections, and so, (gg)nax shifts to the inner wall of the clad.
But, in case A3, because of the increased Pfc (2.6 ksi after 8300
hours irradiation), co;)nax in the third axial section shifts to the

outer wall of the clad. As in case A0, Al, A3, and A4 cases have
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c c
their highest (,c:le)‘“x in the first section and the lowest (g.je)mﬂx in
the second section. Because of the large Pfc in the first section,
the change of the clad swelling has small effect on (,Og)-ax in this
section. After 13000 hours of irradiation (Bu = 12%), the average
(U5) gy 10 the first axial section is 20.1 # 0.3 ksi. In the second
axial section, P, 1is smaller, the variation of (Uc) is larger due
fc 8" max

to the changing of the clad swelling. In cases A0, Al, and A4, the

c
average (06)-‘x is 10.8 + 1.1 ksi.

The hoop strain magnitude in the clad is affected significantly
by the change of the clad swelling model. In cases AQ and Al, their
values are similar. The average of the total hoop strain after
13000 hours of irradiation is 5.3%, 1.8%, and 4.2% in each axial
section, respectively.

In case A3, the peak of the clad swelling moves to 500°C, the
swelling strain in the first and the second section increases

significantly; (eg) is larger than in cases A0 and Al. The

tot
largest (eg) is in the firs: axial section. After 13000 hours of

irradiation, it is 6.6%, and is larger in the second section than
in the third one. In case A4, because of the larger swelling in the
second and the third axial sections of the clad, (eg) is larger than
in cases AO and Al. The swelling in the third axial section is alsc
significantly iacreased. The largest e; is 5.9%Z in this axial
section after 13000 hours of irradiation.

For 15 kW/ft fuel element in the conceptual reactor with

15

8 x 10 neut/cmz-sec neutron flux, the variation of L. and Pfc in the

first and the third sections are small as the swelling model in the

-4
i - | ™ |
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clad is varied. The average t_. is 2100 hours, 950 hours, and 2150

G
hours in each axial section, respectively. The average variation is
5.6Z. Because of the high neutron flux level in the second axial
section, the time variation of the gap reopening is large. It reopens
after 3200 hours of irradiation in case HO, and after 13500 hours of
irradiation in case Al. The gap is 5.7 mils in case HO and 0.2 mils

in case H1 after 15000 hours of irradiation (Bu = 9%). 1In case Hl, the
rate of clad swelling is a linear function of time, thus there is no

peak for (0 in the conceptual reactor fu.l element Pfc is

g)nax'
relatively small; a change of the swelling in the clad can thus have
a more significant effect on (og)nnx than in CRBR. As Figures HO-6
and H1-3 show, (Ug)uax behaves differently in cases HO and Hl. After
8000 hours of irradiation, this difference is 2.3 ksi, 0.2 ksi, and
1.7 ksi; after 13000 hours of irradiation, it is 1.6 ksi, 0.7 ksi, and
1.3 ksi in the first, second and third axial sections, respectively.
As Figures HO-7 and Hl1-4 show, the hoop stress radial distribution
across the clad wall is very different in the two cases. All these
relatively large differences are caused by the effect of the clad
s''elling model if Pfc is low. 1In the conceptual reactor (eg) is less
in case Hl than in case HO. Especially in the second axial section,
where it is 64% of that in case HO. These decreases are due to the
small clad swelling in case Hl.
V.5.4.2. Mid-Power Case

For 9 kW/ft fuel elements in CRBR, different irradiated swelling

correlations are used for cases BO, Bl, B3 and B4. The effect of the

changed model for the clad swelling is similar to those in the 12 kW/ft
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cases. t. and Pfc variations are small, within 11%. The average e
is 2190 hours, 1860 hours, and 2210 hours; the average Pfc is

5.1 ksi, 0.9 ksi, and 2.6 ksi, in the first, second and third axial
sections, respectively. After gap closure the average duration of
P. and of the hoop stress increase in the clad is 89 hours. In

fe

this time the average P_. increase is 1.2 ksi, 0.4 ksi, and 0.8 ksi,

fec
and the average (Og)max increase is 6.6 ksi, 1.9 ksi, and 3.6 ksi
in each axial section, respectively. Both Pfc and (Og)max show
the largest magnitude in the first section and the smallest one in
in the second section in all, BO, Bl, B3 and B4 cases. In Bl, B3, and
B4 cases, the swelling is a linear function c¢f time, so there is no
peak of (Ug)max' In cases B0, Bl, and B4, the swelling is larger in
the hotter region (inner wall) than in the cooler region (outer wall)
of the clad, so (Og)max occurs at the outer wall. In case B3, the
direction of the differential swelling across the clad wall changes
its direction in the second and the third sections, so (,Og)max is at
the inner wall in these two sections. After 12000 hours of irradiation
(Bu = 8.9%Z) the average (cg)max is 20.8 ksi, 8.6 ksi and 15.0 ksi in
each axial section, respectively. The average variation is 8.5%.

(e;) is greatly dependent on the swelling model in the clad.
In case B4, the swelling strain in the third section is increased;
therefore, (e;) increases significantly and exceeds that in the second
section, it is 1.8 times larger in case B4 than in case BO. As the
peak of the clad swelling model shifts to 500°C (case B3), the

swelling strain in the second and third sections is increased. In the

second axial section it is 2.8 times larger than that in case BO.

3}
e
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Because of a large Pfc' and a large creep strain in the first section,
the maximum value of eg is in this section for all BO, Bl, B3, and
B4 cases. The average (eg) in the first axial section is 5.37%. The
average variation of this value is 9%.

For 9 kW/ft fuel elements in the conceptual reactor with

3

8.5 x 101 neut/cnz-sec neutron flux, as the model of the clad swelling

is changed in cases MO and M1, the average t_ is 2075 hours, 1425 hours,

G
and 2950 hours in the first, second, and third axial sections,
respectively. After 13000 hours of irradiation, the average Pfc is
1.14 ksi and 0.6 ksi in the first and in the third axial sections,
respectively. The average variation of te is 10%, the average
variation of Pfc in the first and in the third axial section is 5.8%.
No gap reopening has been calculated for either the MO or the Ml case.
The swelling rate in the clad is linear in time in case M1, thus
there is no peak for (Ug)max' As Figure M0O-4 and Figure M1-3 show, the
diffe ence of (Ug)max in these two cases at 6000 hours is relatively
large, 1.3 ksi, 1.9 ksi, and 1.35 ksi in each axial section,
respectively. The differences are small at 16000 hours, 0.3 ksi,
1.2 ksi, a ' 0.9 ksi in each axial sectica, respectively. (Gg)max is
smaller in case Ml than in case MO throughout the calculated history.
As Figures MO-5 and M1-4 show, the slope of (0;) across the clad wall
is larger in case MO than in case Ml.

In case Ml (eg) is less in the second and the third section than

in case MO. It is 0.73 and 0.61 of the value in case MO for the second

and the third axial sections, respectively. In the first axial
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section (gg) is similar in the two cases. The differences in the
(B;) values are due to the different swelling of the clad.
V.5.4.3. Low Power Case
Different swelling correlations are used in cases NO, N1, N3, and
N4 for 6 kW/ft fuel element calculations in CRBR. In cases NO, N1, and

N4 the te and Pfc differences are small. The average t_. is 7150 hours,

G
3717 hours, and 5817 hours in the first, second, and third axial
section, respectively. After 17000 hours of irradiation, the average
Pfc is 1.20 ksi, 2.41 ksi, and 1.53 ksi in each section, respectively.
In case N3, the peak swelling shifts from 600°C to 500°C, thus there
will be more clad swelling within the same temperature range. Because
of the small rate of the fuel swelling in the low linear power cases,
the clad swelling effects are relatively lar '«. Hence, the changes

of te and Pfc in case N3 are significant. Bec. e of the larger clad
swelling, te is larger and Pfc ie smaller in case N3 than in case

NO. te is 8100 hours, 4500 hours and 7700 hours in the firecc,

second and third axial sections, respectively. After 17000 hours of
irradiation (Bu = 8%), Pfc is 1.62 ksi in the second axial section,
(1.0 ksi lower than in case NO). Right after the gap closure, the
average time iJor the rapid increases of Pfc and of (cg)max is 67 hours.
In this time, the average increase of Pfc is 0.49 ksi, 0.59 ksi, and
0.57 ksi, and the average (cg)ma; increase is 2.7 ksi, 3.3 ksi, and
2.9 ksi in each axial section, respectively. Because of the linear

time function of the swelling rate in cases N1, N3, and N4, the

(o behavior is almost linear in time after gap closure.

&
B)max
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In cases NO, N1, and N4 (,Ug)-ax occurs at the outer wall of the
clad. In case N3, in the first and the second axial sections it is
at the outer wall, and in the third axial section at the inner wall
of the clad. This is due to the larger swelling at the outer wall
of the clad for the third axial section in case N3. In all cases

with 6 kW/ft fuel elements, (0 has a higher magnitude in the

-
second axial section than in the other ones. After 17000 hours of
irradiation the average (Og)nax is 9.5 ksi, 13.6 ksi and 10.7 ksi in
each axial section, respectively. The variation of this average
value is within 2.6% in the second, and within 5.6% in the first and
third sections.

(eg) is greatly dependent on the swelling model in the clad. 1In
case N1, because of a larger swelling strain in the first axial
section, (eg) is twice that of case NO. In the first and the second
axial sections of case N4, the smaller swelling strain and creep
strain result in smaller (eg) than in case NO. It is 0.3 and 0.7
that of case NO. In the third axial section, (eg) is 1.3 times
larger in case N4 than in case NO. In case N3, the peak of the clad
swelling shifts from 600°C to 500°C, the swelling strain is
significantly increased in all the thiee axial sections, and (eg)
thus is 4.5, 2.2, and 2.6 times that of case NO for the first,
second, and third axial sections, respectively.

After 17000 hours of irradiation (Bu = 8%) in cases NO, N1, and
N4 the average (eg) is 1.0%, 2.3%, and 1.9% in eaca axial section,
respectively. The variation from this average value is 37%. In

case N3, (eg) is 2.7%, 5.9%, and 4.4% in each axial section,
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respectively. For cases NO, N1, N3, and N4, the average creep strain

is 26% of the total strain.
c c
V.5.4.4, The Average Values of tos Pfc’ (oe)nax’ and (ee)
As discussed previously, different correlations for the clad
swelling give different results. For fuel pins with 8% burn-up, the

average tG’ Pfc’ "g)nax' and (eg) is listed as follows:

:

6= %
Linear ]
Reactor 2;;7;t) S:zt:in et AtG by P 2 m’fck‘i Ogt AUBkn ook dngs
1 |1850+ 25| 3.3 + 0.10/16.4+ 0.4 | 2.4+ 0.3
12 2 1550+ 75| 1.0 + 0.25 9.1% 1.4 [1.3+ 0.7
| 3 12075+ 74| 2.3 + 0.03/12.4+ 0.5 [2.1+ 0.6
- 1 2217+ 22.3] 4.7 + 0.25/19.9+ 0.6 | 3.9+ 0.3
CRBR 9 2 1767+ 44.3) 0.87 + 0.1 | 8.8+ 0.7 1.8+ 0.8
3 21174 55.7) 1.90 # 0.30/12.8+ 0.9 |2.2+ 0.5
1 ‘17387+ 356, 1.1 + 0.17| 9.6+ 1.30 1.2+ 0.80
' 6 2 f3912¢ 294/ 2.2 + 0.30(13.6+ 0.50| 3.3+ 1.40
| | 3 |6325+ 172 1.4 + 0.25/10.6+ 0.80| 2.6% 0.90
} |1 (21001 200/ 0.9 % 0.02] 8.4% 0.8 | 2.6 0.2
| | 15 2 | 900+ 50| (open) 6.5+ 0.3 |5.7¢ 1. 3:
Conceptua#r 3 2100+ 10| 0.85 + 0.02| 6.8+ 0.7 [3.74+ 0.3 |
LMFER 1 2075+ 75| 1.6 #* 0.01'10.5¢ 0.1 2.4+ 0.2 |
i 9 2 !1425:162.5 0.68 + 0.01| 7.3+ 0.7 |4.0% 0. 7j
] 3 |2950+ 450| 0.96 + 0.02] 7.6+ 0.2 |2.6+ 0.5

This table shows that for the 12 kW/ft and 9 kW/ft fuel pin in
CRBR with 8% burn~up, the axial maximum of ;;:, (Gg), and (Eg) is
in the first axial section, thus the axial weak point of the clad is
in that section. In a 6 kW/ft fuel pin, the weak point of the clad

shifts to the second axial section.
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In the conceptual LMFBR, F;: and (og)is smaller than in CRBR.
In the 15 kW/ft fuel pin, the fuel-clad gap reopens at 8200 hours
average irradiated time. In both the 15 kW/ft and 9 kW/ft fuel pins,
the axial maximum of P, and (og)nax occurs in the first axial section,
while that of (e;) is in the second axial section.
V.5.5. The Rate of Fuel Swelling

As Figure FSW shows, the calculated rates of the fuel swelling are
close to the results reported in CONF-731004.
V.6. Results and Discussion of Sensitivity Calculation for the Fuel

Properties

Because of the higher neutron flux and temperature, the fuel is
soft in the conceptual LMFBR. The fuel properties thus are less
sensitive to the clad behavior than in CRBR. Fuel creep rate, fuel
density, smear density and fuel swelling have been studied para-
metrically for CRBR fuel pins. Cases A0, BO, and NC have been used
as bases for these studies for the 12 kW/ft, 9 kW/ft, and 6 kW/ft
cases, respectively.
V.6.1. The 12 kW/ft Fuel Element

For the 12 kW/ft cases, Figures SA-1 through SA-3 show the
variations of Pfc’ the clad stress, and the clad hoop strain, by
varying the fuel creep to 1.2 (Case AA) and 0.5 (Case AB) times that
in case A0. As we can see in these figures, the gap closure times (tc)

are not changed significantly. The P__ reduces by 250 psi, and

fc
increases by 205 psi as the fuel creep rate is varied to 1.5 and 0.5

times its value in AQ, respectively.
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Because of the changing Pfc' the stress differences in the clad
(cases AD, AA, and AB) are significant, especially prior to 6000 hours
irradiation. At 3000 hours, the clad stress for case AR increases by
1.8 ksi, 2.0 ksi, and 1.4 ksi, with respect to that in case AQ, for the
first, second and third axial sections, respectively. After 6000 hours,
the differences of clad stress for these three cases decrease by
several hundred psi.

The strains in the clad decrease by increasing the fuel creep and
increase by decreasing the fuel creep. This changing clad strain is
mainly due to the change of the creep strains induced by the fuel-
clad interaction forces. After 13000 hours of irradiation, the average
variation of the hoop strain is 0.3%.

In case A0, the fuel density is 91.3% and the smear density is
85.5%4 of the theoretical density (with 3 mils initial fuel-clad gap).
In case AG, the smear density is changed to 88%, which is equivalent
to a initial gap that closes at 400 hours, 100 hours, and 550 hours in
each axial section, respectively. After the gap is closed, the Pfc
magnitudes, and consequently the stress and the strain in the clad,
do not change significantly with resp~ct to those in case A0. In
case AH, the smear density is changed to 83% which is equivalent to
2 5 mils Initial gap. t is thus 2900 hours, 2800 hours and 3200
hours in each axial section, respectively (Figure SA-4). Pfc' the
s'ress, and the strain in the clad avre smaller than in case AO. At
13000 hours, the difference in the clad stress is 800 psi, 500 psi, and
750 psi, and in the hoop strain is 0.6%, 0.28%, and 0.4% in each.axial

e

section, respectively (Figures SA-5, SA-6).
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In case Al, the initial gap is 3 mils and the fuel density is
85% of the theoretical density (with BOZ smear density). Because of
the same initial gap as in case AO, te will also be similar
(Figure SA-7). The reduction of the fuel density enhances the creep
rate in the fuel, thus, Pfc' the stress, and the strain in the clad
are reduced in case AI. At 13000 hours, the reduction of Pfc with
respect to that in case A0, is 1 ksi, 0.3 ksi, and 0.65 ksi
(Figure SA-7). The reduction of the maximum hoop stress in the clad
is 2.2 ksi, 0.6 ksi, and 1.3 ksi. The reduction of the hoop strain
in the clad is 1.2%, 0.32%, and 0.91% in each axial section,
respectively (Figures SA-8 and SA-9).

In cases AN and AS, the mcdel of the fuel swelling is varied. As
shown in Figure SA-10, tG and Pfc are reduced significantly in all
axial sections. In the first axial section, where the Lighest Pfc
ocevrs, it is reduced by 25.7% and by 50.5%, compared to case AO.
This reduction of Pfc is caused by less bulx swelling in the fuel.

Figure SA-11 shows the maximum hoop stress in the clad for AN,
AS, and A0. Because of the great reduction of ?fc in cases AN and
AS, the maximum clad stresses are also reduced significantly. At
13000 hours, the maximum hoop stress in the first axial section is
reduced by 14%Z and by 31% for cases AN and AS, respectively.

Figure SA-12 shows the total hoop strain in the clad. This is
reduced in all three axial sections because Pfc is reduced, and as a
consequence, the creep strain in the clad will also be reduced. At

13000 hours, the total hoop strain in the first axial section is

reduced by 1.8% and 3.5% for cases AN and AS, respectively. 4
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V.6.2. The 9 kW/ft Fuel Element
For the 9 kW/ft fuel element, Figures SB-1 through SB=12 show the

values of t Pfc' the stress, and the strain in the clad for cases

G)
BO, BA, and BB. 1In case BA, tc. Pfc and (L‘Jg)max are not changed

significantly. At 13000 hours, P is smaller than in case BO by

fe
200 psi. The average decrease of eg is 0.2%.

In case BB, t. is larger than in case BO, it is 2550 hours,

G
1800 hours, and 2250 hours in each axial section, respectively.

Pfc' (og) and (cg) are larger than in case BO. After 13000 hours of
irradiation, the average changes of Pfc’ (0;), and (eg) are 250 psi,
750 psi and 0.4%, respectively (Figures SB-1 through SB-3).

In cases BG and BH, the smear density is changed to 88X and 83%,
respectively. This is equivalent to an initial gap of 1.87 mils for
case BG and 5 mils for case BH. As shown in Figure SB-4 for case BG,
the gap closes at 860 hours, 280 hours, and 630 hours, in each axial
section, respectively. After the gap closure Pfc is similar in
cases B0 and BG. In case BH the gap closes at 3400 hours, 3200 hours,
and 3480 hours in the first, second and third axial section,
respectively. The Pfc is slightly smaller in each axial section. At

14000 hours in case BH, P R is 420 psi, 108 psi, and 230 psi lower in

2
each axial section than in case BO.
Figure SA-5 shows (Ug)max in cases BO, BG, and BH. After the
c 3
fuel-clad gap closes, the difference of (oe)max is induced by the PfC
variation. After 5000 hours, (Gg)max is similar for cases BO and BG,

and is lower in case BH than in case BO. At 14000 houis, it is lower

by 850 psi, 500 psi, and 690 psi than that in case B0O. Figure SB-H ,

! } “4

- ‘ «
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shows the total hoop strain in these cases. It is similar to that in
case BO. In case BH at 14000 hours it is lower by 0.38%, 0.2%Z, and
0.22% than that in case BO, for each uxial section, respectively.

In case BI, the initial gap is kept the same (i.e. 3 mils) as
that in case B0, but the fuel density is reduced to 85% of the
theoretical density. This effect has“ens the fuel creep, and thus
reduces Pfc in each axial section. As shown in Figure SB-7, the gap
closure time is not changed significantly. After the gap closes, Pfc
is lower in case BI than in case BO. At 14000 hours, this difference
is 910 psi, 130 psi, and 330 psi for each axial section, respectively.

Figure SB-8 shows the (Uc)max for cases BO and BI. The

differences of (Oc)max are mainly due to the differences of P In

fe’
case BI at 14000 hours it is lower by 1600 psi, 510 psi, and 900 psi
than that in case BO in each axial section, respectively. Figure SB-9
shows the total hoop strain in the clad for these two cases. Because
of the lower Pfc in case BI, the total hoop strain in the clad is
lower. At 14000 hours, the difference of the total hoop strain in
the clad for cases BO and BI is 0.9%Z, 0.14% and 0.3%, in each axial
section, respectively.

In cases BN and BS, the model of the fuel swelling is varied.
Because of slower fuel swelling in these two cases, Pfc’ the clad
stress, and the strain are lower than in case BO. As shown in

Figure SB-10, the reduction of P is 6.4 ksi, 4.3 ksi, and 2.6 ksi

fe
in the first axial section; 1.2 ksi, 0.9 ksi, and 0.7 ksi in the
second axial section; and 2.7 ksi, 1.7 ksi, and 1.0 ksi in the third

axial section, for cases BO, BN, and BS, respectively.
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Figure SB-11 shows the (7)) in the clad. Because the same
clad swelling model has been used, the shape of (ag)_‘x is similar in
each axial section for cases BO, BN, . “  The difference in the
(c;)nax magnitude is due *o the difference in Pfc' At 14000 hours,
(o;)m is 22.5 ksi, 19 ksi, and 15 ksi in the first axial section;
9.3 ksi, 8.8 ksi, and 8.2 ksi in the second axial section; and 13.7 ksi,
10.2 ksi, and 7.0 ksi in the third axial section for cases BO, BN, and
BS, respectively.

Figure SB-12 shows the hoop strain in the clad for these three
cases. Because of the lower Pfc and creep strain, the total hoop
strain in the clad is lower for cases BN and BS than that in case BO.
At 14000 hours, the total hoop strain is 5.9%, 3.7%, and 1.5% in the
first axial section; 1.9%, 1.7%, and 1.3% in the second axial section;
2.6%, 2.1%, and 1.4% in the third axial section, for cases BO, BN, and
BS, respectively.

V.6.3. The 6 W/ft Fuel Element

For 6 kW/ft cases, Figures SN-1 through SN-10 show the variation
caused in Pfc’ Eoo the stress, and the strain ir the clad by varying
the fuel creep to 1.5 (case NA) and 0.5 (case NE) times that in case
NO.

As Figure SN-1 shows, the gaps close earlier in case NA than
in case NB. This happens “ecause ia case NA thz fuel boundary movement
is re.arded by the slowec creep rate in the fuel. The magnitude of
Pfc is not changed significantly. At 14000 hours, Pfc is similar for

cases NO and NA. In case NB it is 130 psi and 204 psi lower for the

second and the third axial section than that of case NO.

733 146
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Figure SN-2 shows the maximum clad hoop stress (Og for cases

)nnx
NO, NA, and NB. Because of the s: qe swelling model for each case, the

shape of (Qg is similar and its magnitude is influenced by the

)nax

Bap closure time and by the mzznitude of P After 12400 hours, the

fe'
magnitudes of (Og)max are similar in cases NO and NA. 1In case NB it
Is 340 psi and 580 psi lower for the second ard the third axial
sections, respectively.

Figure SN-3 shows the hoop strain in the clad in cases NO, NA,
and NB. Because of the similar clad swelling and Pfc' the amount of
the total strain is similar in each case. At 14000 hours, it is C.1%
and 0.07% lower, in ccse NB, for the second and the third axial
sections, respectively. These differences are caused by the lower Pfc'

Figures SN-4 and SN-5 show Pfc’ the gap closure times, and the
clad stress for cases NO, NG, and NH, In cases NG and NH, the smear
density is changed to 88% and 83%, respectively, i.e., the initial
gap is changed to 3 mils in case NO, to 1.87 mils and 5 mils in cases
NG and NH. Figure SN-4 shows that the gaps close earlier in case NG

and later in case NH. Because of the same swelling rate in the fuel,

the Pfc is almost the same in these low power cases after gap closure.

fc
is almost the same after the gap closure, and the swelling model is

Figure SN-5 shows (og)nax in cases NO, NG, and NH. Because P

the same for the fuel and the clad, the (og)max values are the same
for all three cases. The total hoop strain change in the clad is not
significant.

Figures SN-6 and SN-7 show case NI, where thke initial gap is

kept at 3 mils and the fuel density is changed from 91.3% in case NO,
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to 852 of the theoretical d:nsity in case NI. As the density is
lowered, there is a faster creep effect in the fuel and so the fuel-
clad gap can close earlier. In case NI, the gap closes at 6700 hours,
3750 hours, and 5700 hours in each axial section, respectively. The
P, 1is al'=: smaller in case NI than that in case NO. At 12000 hours,
this difference is about 150 psi in each axial section. Figure SN-7

e (o
shows (oe)max for cases NO and NI. The differences of (Ue)max in
these two cases are mainly due to the differences in tc. Because the
difference of P is not significant, the (cc) differences are

fc 8 max

negligible after gap closure. The difference of the total hoop strain
in the clad is insignificant.

The model for the fuel swelling is varied in cases NN and NS.
Because of t.e lower fuel temperature and lower fuel swelling, the
changes of Pfc and of (0;)nax are not as significant as in higher linear
power fuel elements. As shown in Figure SN-8, at 14000 hours, in case

NN P o is lower by 160 psi, and by 70 psi than in case NO for the

f
second and third axial sections, respectively. In case NS Pfc is lower
by 510 psi and 208 psi than in case NO for the second and third axial
section, respectively. These P differences induce (6;)max differ-

ences in each axial section. As Figure SN-9 shows, in case NS at

14000 hours, (0 is lower by 1240 psi and 720 psi than that in

c
a)max
case NO for the second and third axial section, . pectively. The
total hoop strains in cases NO, NN and NS are shown in Figure SN-10.
In case NS at 14000 hours, the hoop strain is 0.4% and 0.1% lower than

in case NO for the second and the third axial sections, respectively.
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CHAPTER VI. CONCLUSIONS

The KRASS code is s simplified computer code which can be used

for the prediction of axial and radial variations of fuel element

behavior in an LMYBR under steady state irradiation. It takes

eleven hindred machine unit seconds on the UCLA IBM-360-91 to

calculace fuel element behavior te 15% burn-up with seven axial

sections in the fuel column.

At 12 kW/ft and 9 KW/ft, the axial maximum of P, and (o5) .

occurs in the bottom section, while at 6 kW/ft, it occurs in the

mid-section of the fuel element.

The higher neutron flux in the large LMFBR may enhance the creep

rate in the fuel and lower the fuel-clad mechanical interactions.

The hoop stress in the clad is thus lower in the large LMFBR

than in the CRBR in most cases.

Because of the high neutron flux in the large LMFBR, the fuel-clad

gap in the mid-section of the fuel pin with higher linear power

may reopen. The time for this reopening is greatly denendent on

the clad swelling model. No gap reopening has been calculated

for fuel pins in the CRBR.

As the temperature changes from 600°C to 500°C for peak clad

swelling, the radial maximum of the hoop stress can move from the

c¢lad outer wall to the clad inner wall in some of the axial

sections. The radial stress distribution across the clad wall i

also significantly changed.

Because of the larger PfC in CRBR, a large fraction of the total

strain in the clad is due to creep strain. In the bottom section
35 1.0
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of the 12 kW/ft element, where Pfc is high and the clad swelling
is low, the fraction of the creep strain could be 80%. In large
LMFBR, Pfc is low, thus irradiation induc :d swelling is the main
contributor to the total strain.

The amount of the total clad strain is greatly dependent on the
irradiation induced swelling model. In CRBR, the total strain

in the clad is also significantly influenced by the P_ -induced

fe
creep strain,

As the correlation of the clad swelling with the swelling
threshold (Equation 11-40) used in the calculation shows, a
stress peak is induced in the clad by the larger differential
swelling across the clad wall near the .hreshold burn-up. 1In the
large LMFBR, these stress peaks are high and occur at low bura=-up.
As the creep rate of the fuel, the fuel pin smear density, or

the fuel density is varied, mudest variations of the fuel pin
behavior are calculated. As the fuel swelling model is varied,

the variations in fuel pin 'ehavior become significant.
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Figure £ -~ 1. Fuel Element Boundary Positions.
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112




(S| w) deb

(1y ase))
WOLINS |RINY YOI U 3404 :oowuuc.;»:— pely-1ang Wy
pue ssaundjuy de aup ‘(T 4) Mnssaug WnRg gL 7 - Ly aunbly

(sanoy mo.: oy

b
(159) 4

113






(1y #se)) )
‘W01395 |RiXy YOP] UL SSAJIS dOON PR() WhELX®W L p-ly @4nBi4

[ $4N0y mo_: Wil

B 2
T

A
(ss%) o

ro
o

115



911

{ksi)

1¢

.

-~
o

o

hrs
1300 nrs
t= 4050 nrs
8061 hrs
t=12600 hrs

~
~
R

LELTIE L #
-~
)

Bu=0 4
Bu=1.2 %
Bu=3.9 %
Bu=7.6 %
Bu=11.7%

0

(peak)
{peak)
(peak)
{peak)

(peak)

©

Figure Al-5. The Distribution of the Hoop Stress Across

the Clad Wall.



k=2

117




-

P — — ——

h\

—— F

. — — —

P — o—— — -

5000 hrs

- em . Creep Strain

7500 hrs

10000 hrs

The Distribution of the Total Hoop Strain and the

Creep Strain Across the Clad Wall (Case Al)

L)



Cases

12 kW/ft

*LLeM PRl) PU3 Ssoudy buey aunjesadwa)
ay3 pue ‘6ui||3MS PajeLpPRAJ] AU} JO aunjesadwa] 3yl |-gy d4nbiy

(2,) @anjeuadws]

00€

059 009 055 005 05t 00% 05¢
L 8 L} 1 L] L | 1)
0
by % Ty % Iy %
. - - ) e

bui||ams pei)

119



P
N P’
B P
Pl
Bl s _ )

120

«r

interactine

the |



g (¥si/hour)

10

-10

-10

10

1: Net Hoop Stress Rate

2: Stress Rate due to Pressure

3: Stress Rate due to Swelling

4: Stress Rate due to Creep

— L 1 & | L 1 i
0 Z - L] 8 10 12
3
Time ( x 107 hours )

Figure A3-3. The Net Hoop Stress Rate and the Stress Rate, Oue to
Pressure, Swelling, and Creep at the Outer Wall of
the Clagd

121



(ksi)
~N
J

max

)

[AA

The

Max




4

(ksi)

-10

: T=1315
: T=3916
: T=7920
: T=11733

0 & W N e

Figure A3-5. The Distribution of the Hoop Stress Across the Clad Wall



-

>

PRl #y3 ul

uieals

doou

ay

3ty

- £

b4

124



~N

e — —
Ry
R
b —— — —
1%
Y

5000 hrs.

e HOOp Strain

— e+ (reep Strain

Figure A5 - 7.

F-—_—

P — — ———

7500 hrs.

125

e —— — —

R,
" 10000 hrs.

The Distribution of the Hoop Strain and
the Creep Strain Across the Clad Wall.



12 kW/ft Cases

1 2 3
—_— — —_—
L i 1 1 | | ke
400 450 500 550 600 650 g 750

104y
Temp. - uture (°C)
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6 kW/ft Cases
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the Temperature Range Across the Clad Wall




(Spim) deg

(N #s®) ) ‘(sefiy) aunssasg wnua |4

Y pue *(24d) 90404 UDLITRAATUL PRLI-(ANg I ‘(4yD) d4nso() den ped-(ang Yy 2 EN ‘Big

("S44 01 X ) awy)

91 vl 21 01 8 “ v é 0
K — uJﬂldJ
!
\
N (2t a
(S} dvf -4
N
N ~N
N ~
"
=
-
o
r
B

002
00r
009
ad
-
a
o
ooe 2
0001

0021

181




1) max (ksi)

(‘C
4

Clad Outer Wall

----- Clad Inner Wall

0 4 A 4 A A

10 12 14 16
3
Time ( x 107 hrs.)

Fig. N3.3 The Maximum Moop Stress in the Clad (Case N3).




(kst)

C
L]

—_— 0 Hour (0%)

= e == T = 4500 Hours (2% Peak)
——— — T = 8100 Hours (3.7% Peak)
— o e T = 10000 Hours (4.5% Peak)

K=1 K=2 K=3

10

Figure N3 - 4. The Distribu’ fon of the Hoop Stress Across the Clad Wall
( Case N3 )




Figure N3 - § The Hoop Strain in the Clad Case N3

184



(%)

-

Hoop Strain

Creep Strain

10,000

1 0 I 0
—-—-‘:w
R Ro R Ro
R R K R
I 5000 © L 7500 ©
Time (Hours)
Figure N3 - 6. The Distribution of the Hoop Strain and the

Creep Strain Across the Clad Wall (Case N3)

185



0 kW/ft Cases

Case 4

1 2 3
|y | g mm
' i ' 1 . 1 4 4
400 450 500 550 600 650 700 750

Temperature (OC)

Figure N4 - 1. The Temperature Dependence of the Irradiated Swelling, and the
Temperature Range Across the Clad

186




.cua. FUNSSRA4 HNUS (4 BT PUR SSAUNILYL ARy 3

SAN0H 1 %

{ ol

04

ase)

'3

J0L309%

WoOLIIRASJU]

(PLry 4Ry UL

ue

J=|any Yyl

- g Banbi

-

733 240

187



(VN 5W0) PRLD 3 U SSAUIS dOON W|XEN Iy L - W wunbiy

( sanoy nc— X) i)

o1

Gm) "™ %)

188



(Ksi)

10

Figure N4 - 4

The Distribution of Hoon Stress Across the

POOR . ORIGINAL

189

1,314

3,874
7,924

117,029

1ad Wé

Hour

HOurs

Hours

Hours

Hours

&




8l

[=3

2=
£y

("say

€

01 x ) awyy

PRLD W3 uj ujeals dooy Ayl SN By

190



— HOOP Strain - - - Creep Strain

. @ -
0.5 r’ 3 =
et ammt——— he—t——0 el
0
Rl RO R] Ro Rl RO
1 L €
\\'
0.5 - - -
S
- -
P— '—’
0 = - 1 1 1 1 I 1
RI Ro " Ro R Ro
1 - L
0.5 } s E
-
-
"4 /’
0 M‘ m ‘C—J—-—i—n
R R - R b R
I 500 © ! 780 9 I 1000 °
Time (Hours)

Figure Nd - 6. The Distrihution of the Hoop Strain and the Creep
Strain Across the Clad Wall ( Case N4 )

191

K=2
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9 kW/ft Cases
Case MO
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SENSITIVITY CALCULATIONS FOR TULL PROPERTIES
12 kW/ft Cases
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CSTSHBI LK) =SHCBl L. ) +PCACTon) —
CSTSRBUL +X) sSRCBLL X)) ePCALTWx)
101 CSTSZBI1K)=SZCBII.X)eCHU] )
DO 112 I=1«NR
COPHB(I X )= CPH (1.x)
CCPRB(L XK i=CCPR (Tux)
112 CCPZBIL.x)=CCPZ (1.x)
DO 113 I=1.NR
CERMIL)= (CSTISHITLI-CP® (CSTSRIEP#CSTSZLNIIICF
CERR(I)= (CSTSRUI® -CPe (CSTSHIL)eCSTSZLL) ) CE
113 CERZ(I)® "CSYSZ(I)-CPe (CSTSHLTI*CSTISKLT) I /CF
DO 114 " «1NR
CSuld=Cswwii}/3.
CTRHCII=CERM(T I eCSw IeCCPMLLx)
CTRRIII=CERR(I ) +CSwI+CTPRILWx)
416 CIRZICIISCERZIC(IISCSHIeCCPZL o)
CUAB(X)=CUA (X))
CuUBBIK)=CuUB (x)
UCPABIK ) =UCPA (x)
UCPRBIX )sUCPB (X))
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CUEABIK ) =CUEA (x)
CUEPB(XK I=CUEB (x)
CUSwABIX)=CUSWA (Kx)
CUuSwBB( k) =CLSwB (K)
ACBIK)=AC (K
BCBIK)=8BC (x)
MTEST2mOD( JMERINT)
IF(MTEST «NE. 0) Gu TO 24
IF (K JEQeNZ) GO YO 200
CALL FURITE(FOTS
CALL CWRITE (CDTS )
IF IXLEQeNZ) GO TU 35
IF(BOLE(XR)EGe Lo} GO TU 361
WRITE(6,370)
FORMAT(* GAP 5 CLCSTDY)
WRITE(G6,373) PFCIRIOPFCKIK)
G0 1O M
WRITE(G6.371) GARIn)

FORMAT(® GAP IS UV ENJGAR(X )=y ide ™)

COUNTINUE
FORMAT(® BPFC = JE12.8." OPFC
ORITE(S.3TA) ACIX ) ICHIK]) JdF (X)
WRITE(G.ITS) (CRUL X)) e l=1NI)
WHITE(S«IBO) (FROT Dol sidoMf)

FORMAT(®* ACIK)=",1PEla.n, " RLAE TN B N S e

1 I1PELALE)
FORMAT (* CRIKI=",5C127.0)
FURMAT (* FRIX)=*,aE12.4,.7)
GG TO 24
TONT INUE
“IATTECHLIBL) ACIXK) ,3C (KD
WRITELGITS) (CWLET o< hel "L aNk)
FURMAY [* ACtERI="oL 1l ea" Wix)
CONTINUVE
IF(K JEQe NZ) GO TU 1210
SFTIRZ=0.
SCTRI=0.
DO 1219 (=1 MFR
SFTRZI=ZSFTRZGFTRI(L)/4FR
D0 1218 I=1.NR
SCTYRZ=SCYRZSCTRZLI)/INR
CONTINUE
IFIK.EQNZ) GAP(®) =" 11 1.
l'll.tO.Nll GO Tu 3o
IF(BOLEIK) +EQe 1o PFCIK)I=PGAS
K=K+l
IF(R «GTe ANZ) GO Tu 25
FRMX=F KMXFMX/NZL
SFTRIK=SFTRIK+SFTIRZ/NT
SCTRIK=SCTRIK+SCTRZI/NIY
GO TO 26
COUNT INUE
DFL=SKF Iy <eTFLB
DCL =SCTRe s TFLB
T =TA.8+0CL
TFL=TFLBsDFL
FIMXaF JMXeFKMx
FUAY=F mx/ g
S 0=M00D(J s MEHP )
IF{MSHD oNEe. 0) GU TO 1491
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CALL GPR]
CONT I NUE
IF INTESY
BRI(EL(S.
FORMAT(*
PRINT 120
FORMATI2X
LION GAS =
wiTe(s,.
FURMAT (2
El3.0,/
CONTINUE
MPUN=MODI(
IFIMPUN NE. )
ALL PUNCHICTRLOT 1™
FSQILF302: IFSQL . T¥
DCL DFLJREDPEN.N
INTINUE
Ju Je)
iFly .
IF (TIm¢
CUNT I MUF
TOP
NO
WROUTYT IN
MMUNZ7COMFC/ .,
FSTSRIS) FSTSZ(%)
L TSZIS ) NZNR, N
MMON/MIX2/0PGAS
FOSeuUE FOSent ) oF
+CDCRE(S ) COCZET®
FISwiael )
JIMENSI]
PR INTY
P CEsS)
FORMATY
RE TURN
END
SUBROUYT INE FsumiP(
COMMON/COMFC/ Jex, !
F TSRIS) FSTSLZ(5)
TSZUS) NI NR ¢
MMON/CONSTEF FA,
FUASFUAB FTF 15,1
FBAZZ2.FBB26.FUAlL
JNMON/MIX L/7F HE 1
PLIULIS)CUEALLS) .,
VCPABI LIS ).uCPBBI( )
CTSwB(1S5) .CSeB21¢
TCE3 ., TCw3,.TCP3,CH
FCPHBI(S5:15).CCPHB
FCPBB( 1S) FUEBI1LS
FOPRIS.1S)FCPHU
FSWUB/ §5) .FCLPB(1F
CTR2¢ +CERMIS) sCERRALS) ., d
COMMUO - JMIAZ/DPGAS W UAS FRULF
FOSWUB «FOSUEMIS) FD Se R
+COCRE(S).COCZELS) s DUE
FISWiIS.15%)
DIMENSION FGVPILLS

" |

CHNO LI UM

N -




DIMENS ION
UM=0.
DO 111 I=] .MFR
Cesess FUEL SEELL ING FRUN 1
DUI=0.0010488FTF (I .x)
DD=10.9%8DD1
FS=(2.0712E-56)%0.1¢#
FOSHI 1K )aF SsDTIME
FTSwiLl.X)
HOT PRESS
TFR=(FTF
HPHPEPNB(
IF (PP
EQMP=E XP{
P DE=E] o~
TONWP (L )=
WRITEL( G,
HMAT (2
) TO 23¢
Pl )=
NTINUE
Swll.x
Sell.x
TE(S.1)
(FOSwi
NT INUE
101 1
1 )=F
100 =
i+
JayPevy
YP+#FDSe
Ting

.

A

Al

s MFE N
LA 4
F1C1)e+S1
Sl Ll )eFy
11ei)~-51
826 #5106
MFR
FSTSHL L)
FSTSR(ID)

]
&
=

»

1O0memamI RN
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SUBROUTINE FOCREPI(DSTH WX
COMMON JCOMFC/ JaR o TINE .
I FSTSRIS)FSTSZIS R
2 CSTSZIIS) NI NR MFK  MP,1
COMMON/CONSTF /FA . Fa.FaA
FUASFUALFTFI(Su15).7
FBA22.FBB26.FUAIUU UL .\
COMMON/FCREPM/FCI,F
FSI(S)FOSTRNIS)..FOS
FSTSIB(S«15).SMBI5.15
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'Dﬂ!(5l.FOlE|bl.$OLPu-ucPA(lst.utphilsl.
(lSl-'UOG(Iblodd\h(lS)o(UAB(lS)-LUhh(lﬁlo
su!tﬂllblocuiuu(l:).LUSIAB(lu).Lu:.dB(lul-
3
1

n
w
§
~
-
>

BUGF o PNBI 3419 ) oFNTSHIS 15 ) oCE S md,
TRETFP, TF W FCPIBISe 1S)FCPRBIS. 1),

b+ LCPHBI(S Do CCPRBIS oIS )4 CCPZBIS o 15 ) FSWUGEILS ) .

Me Be
-0
-

-

(2l
i
-
ot
-
-Te
w

BACLIS) FERMIS) FERRIS) JFERIIS) F P2 5els )
JoCOPHISs 151 4CCPRIS1S)CCPZIS,1%),
FCPBUIS) sFTRMIS I eF THRIS) JFTRZ(S) sCTRMIS oL THE(S ),
RHIS)JCERR(S)LCERZI(S)
OINMENSION CﬂtsioMP(S).F(bl.cfl(s) +PEF(S)05T31(5)

o~ g:ﬂl(s.lsﬁ.rcvvzcs.lsi.vx(:».vzcﬂ».vscn» FlELS15)

(1)eDTINE
EQ. Qo) GO TO 12
CI)/7SECL D) ®)us

28
20
i
2xn

S

eSHB(1,.x)
*SRB(I,.x)

*S5I8(1.x)

0) CPRELDIJOCPUIDSELLIUK LI

o "CPRJOCP (SEOK o I'2* vk lce s, . la)
QLIFLSTRMIL I FOSTRA(L ) FDSTRZCL)
DSTRH ,DOSTHALOSTRZY L 301244 )

ge s

CONT INUY
WRITE(S,93) DY INE
FORMAT(2X,"DTINES* .F 1 0un)
DO 70 1=} . MFR
FOPHUL X )I3FCPHBI L R ) eFUSTRH(L)
FLPRIIWX)aFCPRB(I JK)*FDSTRALL
FCPI(LJRKIYFCPZB(I K )I*FDSTRZILL)
DO 63 =1 .MFR
VILI)I=FOSTRRACILI®FGYIPITT %)
VILII=(ALOGIFRIT+K) D -ALOGIFGRIL X D) IS(FOSTRRIOLI)=FOSTHMEL))
CONTINUVE
o0 .
DO 64 I=1.wFR
Lizked
FSI1(I)=vPev it
VPaYP+FDST IR
CONTINUE

19
LISFGvP2(11.x)

D0 65 I=1.mwR
Ti= e}
BRI ImvP svii i) ) -
VPa YPS(ALOGIFGRITI «X) ) ~ALOGIFGRIT KD} #(FOSTHRILI=FOSTRHMLL))
CONY INUE
FS3ip=vP
¥P=0.
DD 66 I=].wR
Ii=le)
V2( 1 )=FS3LIIeFGVP I L. .x)
JinwPenati i)

Fsa
VP YPAFSI(1)SFGwR2( 11 «x)

CONT INUE
FS2BavpP
RI=FR(1.x)

YH500400
YHLUUS40
YHaU0900
Yr500580
YH500000
¥M500620
YH300640
Y150uuo v
YHM50065%0
YH500700
Yr300729

Iddilvooy

U1 0900



TI=(RL992 )12 (0.S50ALCGIRLDI-0L2%)
TZEFAZO [ Q. S*ALOGIF A)=0W23)
T3=0.50(RI82-FA2)*ALOGIFA)
;zzztltltozzgﬂll)-FnsvnHIAOOO(!x-tJ-tJA
=1 Il e
R2=FR(1,% ) 002 =01 140
HAZ =(R2eFA2) DwUll1e60
TI=FSLC(1)/R2¢FS1L SRAZ/IRLOF BAl)
T2=FS2(1)/R2¢FS28 CHAZ/ (M IO HALY)
TI=FS3(I)*FUA2 ~F534 SRAZSY HOBALZ 7(W2)
FOTSHITL I1=(FUALI M TLeT2) o (FU2)eTS~(FUASIS(FULSTRHELIOFOSTRILL )
I ~(FU2)eFOSTRHIL)
AR 2=R2~-FA2 JRULIBUO
DI==FSI(1)/R2+FSIn SRRZ/ARLOF 3AL)
D2=-FS2( 1) /R2¢F 528 CRAZZ(NIYFIsAL2)
O3=FS3(1)-FS30 CLRZOF B2/ L <2*t BwAL)
FOTSRUL )=(FUAlL Je(DLI*D2I(FUZ =03 DR 1HY0
21=2((FUAB I /FBAZ)I® (F518eF 208,
Z2=(Fu2 JOIFUALZ oF 3l 1) ~Fusse(FruA? JeFS1)
L3=(FUA} JS(FOSTAMLI)*FOS . RZULEIDISY UL IPIFDSTRILEDD e iliTe 0
FOTSZ (L1)=21e22-2)
61 CONT INUE Ondl 130
DO 77 1=l.wFR Ul L ol
FSTSHi il PEFSTSHE( LK) *¢FDTSHLL) Il sl
FSTSROL PEFSTSRBC T ) eFOTSHIED S E IR W5 IV RS
77 CONTINUE »iledI80
RE YURN
END S TR § VIRV
SUBROUT INE CCREP( 1 B.52F«510 )
N LOMMON/COMFC /)Xo TIME JDTIME oFmiBel 3) oFONIS o 1Mo FSTUEL ), THIUJLLU
~ I FSTSRES)FSTSZIS I eCHISel Sl e Cum o1 9)eCuTS MU )CSTER DY, Y3001 n0
w 2 CSTSZUS) oNZeNR MFH MP FAULEL «MTo LT e Luxtin) YMua002uv
COMMONZCONSTC /CAGC A A2 H2sBAZ 3 UAL s CAALULCL sl o CTHEG D) Yr500220
I CUACIS )+ CUBLLIS) e TOCAGTOCHALIUZASUIUAL W UA Z U2 s UAS s UAL JEZUAL, ¥r3u0240
& CUAIUUCADEAZ 4CHOHAZ YHS0U200
COMMONZCCREPM/COTSMIS ) oCOTSRIS ) el T3Z(0) oCOGTHALSL) 4 LOASTRRES) Y vy
I COSTRZAES) oS1(S5)052(5 050 (5) oW B iuTormuluels)(STSRBIS10). Yrisu e e
2 CSTSZB(S15) ¢SHCBL S 159) o SHEAT 019 930l Sel Do TNE I LSE IS, YH0L4G0
3 CSHISILCSRISDICSZE) YHS0ue 40
COMMON/MIXLI/FDME (9) s FORE (S D« FLZE LS IaFDU SsUCPALLS ) euCPBLLG ), YHaUUI49d
1 PLUIS)IoCUEALTIS) JCUEILTS) JFUNBEIS) odULELTIS) oL UASBLIS ) s CUEE (LD ) YUl sou
2 UCHFAB(L15) +UCPBBIL1 51+ CUEABILS ) CULLIlLIL) sCUSHART IS sTUSHIBIT D), ¥200,90
3 CYSEBU1S) +CSUB2(% 15 ) e 3ULF oDl e FNTSEl el el 3elw sy, ¥ri0dnd0
@ TUEITCHILICP I CAFaILTHE, TS, Tr e FLPLol Sl s ) oFOPRULOIL ) Yrislooev
S FCPHBIS o151 CCPHEBIS 13 CCPUBIS 19 ) COViBt D 1S )k SauaBlL L), Yriouleed
6 FCPBA(15)+FUFBILS) FUESHIIS) F ERALL) P ErR( 3 ) FFRZIS) FC2205 4 15) YHLUUL00
T FCPRISISIeFUPHIS 151 2ClPM I 1) COPRID19) 2C0HIES:15) Yrisulndl
B FSWUBILIS) «FLPBIIS) sFTRAIS)(FTRKIL) FTAZIS) s CTHRAIS I LTRELL) . Yra0u/700
9 CTRZ(SICERHIS)JCERRIDIZLERILS) YHsuur2u
F—_ DIMENSION SE(S)eCPRIS)LCPISIeF L) eFrin)
~ DU S9 [=14NR DRJILI60a0
Re=CRIL.xK)en2 uiuledod
Ra=R2es2
d 5SSz (CSTSHBL I oK) =CSTSABI F JK)Iee2a (CS5TSHBLTL WX I -CSTSZ80TaR) Iney
I *(CSTISRBIIKI-CSTSIAT LR ) IeL
SE(L)=(S5/72.)900,.5 ORUlol180
TC=CTF(l.X )*a60. IMUI2e0
C WRITE(6,1840)5.9 O=Uleled
4 C1840 FORMAT(® S.U*.2ER.2) I®I 16300

e IFISELI)EQLD.)IGU TQ 160
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CPITI=CPRIL)»
IF(SE(L) .EG.

Re

LK =0.
COSTRH(T ) =2DXeSHCB(] =)
COSTRR( I )=DK*SRCB( 1 +x )
COSTRZ(ID)=DK®SZCHII (x)
WRITE(6,100) SOMII)+SORCID) SOZLE) oSECL)aCPRIUTIICDCPLTIIDRSTD
FORMAT(* S$S9S8S88°, 75 15.4)
WRITE(OGLIOLIDOSTRHAC L) JOSTHACT D sLLTRICT)
FORMAT(*esssee*,  4F15,4)
CONT INUE
DO 70 I=§ N~
COPHIT X )=CCPHAL T X I*COSTRML L)
COPRUT oK) =COPRBLI R 1eC0STum( L)
COPZILI+X)=CCPIBLE X IPCOSTHZILL)
SF=0.
DO S8 I=].0R
GO=(COSTRRUII~COSTHALTI NI ®CDR(] sn)®Da/imilen)
Al=S5F+GG
SFaSFe(COSTRROL I -COSTAMUII I *CORT e b7l doan)
FFol)asF
Flli=al
538=5F
$1S=0.
S2S5=0.
53540,
DO 60 I=1.NR
GI=COSTRR(IIISCR(I.x) TNl lan)eD
G2=F LIISCRUL+XISCORIT 4R 10 S
AllI=515+G1
Al2=525+62
SI1S2SISeCOSTREIII*CRUT x )eCDRL | ox )
SZS=S2SeFF (1) eCRET X ISCORIT x)
Sttl)=AlLL
S2(1i=A12
S3iI=FLI?

ORuloae 0
IRUIGH0V
Idldlodav
O=J16u009

MUlBes O
™MUultaald
I Jlubao
L iv?oo
(R 150 R JORV)

Il aed

il 29230

HrULToau
U106
MULTIZ0
P=ILTLN0
Undl7ied

DL 7280

Ul 7oul

IRULTS20 J
IRLLTS40
WAl 7500
WU l7580
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DO &1 1I=].NR ORJIT7620
R2=CR( l.nooz JRULTHe 0
HAZ=(R2eCANS2) oRJ1 7Te0d
Ti=S1(I)/7R2% S1HORAZ/(Q2%3A2)

C WRITE(S.119) TGL.TG2, 71 DROLTT&O

c 119 FORMAT (2K 4*TG1+TG24T1*,3E1240) WO TTS0
T2aS2({ L) /R2+528 CHAZ/(R2%HBAZ )
T3=S3(1)sua2 -531 SRAZSCBUbLA s w2

TAa={UAZ) S(COSTRMUI D+ COSTRZCIDI I #UZ I (CDSTRHOL N

COTSHET ) SCULAL )OI TL T2 0 (L2)0Ts~Ta

REZ=R2-A2

DiI==S1(1)/7R2+518 SRA2/ (R2euAl)

D2=-S2(1)/RE*S28 CRRL/(R20BAL)

D3=S3{ 1 )-SIGeRN2eCBORAZ /W2

COTSRIL)I=(LAL IeiDLeR2d0 L2 Je03 URU L TR0
1= ((UAB) /BA2 0 (510¢528)

22=(U2)%(UA2eSI(1)-UAS sCRDHAZSS 40 )

Z3=(UA} PELCOSTRHIT ) ¢COSTRILL ) I L2 PEACOSTRZEL ) MHUlBu LY

COTSZiMDI=Z 102242 OO l1u0e0

s WRITE(S,110Q) DYSH{1 PaTl ol aT3uTa, 07 ORIl e080

C R ITE(SG. 111 DEeDL2eD3edl +L24DTSZ(EI) INIIB0B0O

cLio FORMATY (22X "OTSH T 1 T2.7 3,74, TT' 0L iden) Duulasl 00

cill FORMAT(2X . 'DTSZ 0102403021 el2" s6EL2a8) mMUl8120

61 CONTINUE IHIlole0

JTT=2Y INULB280

DO 133 [ =1 NR L1300

COTSHEL I=CSTSHALTL X I+CDTSnLL) MOL830

CSTSREI J=CSTSABLL = N)eCDTSER( 1) deedlnie 0

133 CONTINUE MUulsla

'3‘ RETURN nJIlHadl

w £ND OnUloegy

SUBROUTINE wsinP

COMMON/FCRVZACRI LIS ) B0 13 ) o AF UL IS o dF B0 ISV e FTIMe o Tt 1T 21 1, ¥Y4500100

1 RF2,0PD MF (MG o JF JMPQINT oWV L o WV JMEUNCH MOIL Lo TCL e TRLBEGNWEST L) YH500120

2oVOLM VOLU s VOL JAVETK SASoACTI D) o CULS o AF LIS JAF LIS ) eFLLLS) YHsSou 0
COMMONZ7COMEC/ J oK e TIMELOTIME o v REG1IS)oFORIESe 101k STSHIEY ),

1 FSTSRIS)FSTSZ(S)eCRIS¢19)CORI3413)4CaTSHIS ICHTERIS),
& CSTSZUSIeNZ NR MFR NP, BAOLEE JMTEST JFLUX(15)
COUMMON/CONSTC/CALCH A2 3248A2,UAL+CAA CUUCE Lo CTF I SIS ) . Y
I CURMIS)oCUBIIS)ITOCALTNCHAIUAZUUAZ WUAS U2 sUASJUAS 8 SAL o YH50028
2 (UABUU CADEAZ .CBOB AL
COMMON/CONSTF /FA FH FA2 . FUH2FBALJFEFP FUZ.FUALWFUAZ FUAT,
I FUASFUABFTFIS 151 TOFAJTDFAFLESFUSILIS) oFAAFUULFLLAZ o L2 FY
2 FBA22.FBB26+FUAIUU L1 UNFAUBAZ.FBOBAZ,.FALU
CLHMON /FOCREPM/FLILFOTSHIS)WFOTSHRISIFOTSZIS ) F5115%)FS2105) . YH5003
I FSI(S)IoFOSTRHIS)IFIOSTRAR(S) JFOSTHIID) JF STSHBIS IS ) FSTSREIL15)s  YHS00I0U -
2 FSTSIBIS1S)eSHBIS15)SHB(2415)52B815413)1ePNIS)SEIS)eSMID) . ™ c—"
3 SR(S).SZLS)Fmx \
COMMON/CCREPM/COTSHIS)I«CDTSHIS I «COTSZIS) +COSTRALIS) JCOSTARIS ) & Y
I COSTRIAS) «SE(5) 520501453 19) P30 TLoHUIS s1D)CSTSHRAI S5 ) e
2 CSTSZIBIS1S)eSHCBIS415) +SHRCAIS 15 +34CHIS195)UNIS ) JCSELS ), Y _ pras=——2
3 CS5M(S)CSRIS)CS2(5) o —— )
COMMON/7CSWLM/CSHE(S) oCSHILS)oCSWISIaCouniS ) CSURISICSWIIS), ¥ b -
1 CUSHALES) wCUSHBIELIS I CTSEIS) CHMHIS.1S) |
. COMMON/MIXL/FDHE(S )+ FORE (S )« FLULEIS )FOOP B UCPALLS) JUCPEILS), J
i 1 PLULS) CUEAILS)ZCUERNLIS) FUBAIIL2),8ULECLIS) CUABIIS)CUBHIIS) . Y )
2 UCPABLIS)UCPEBIILIS ). CUEABI IS I «CUEBAIL1S) +CUSEABILLS) JCUSHBHEILS ), Y500
3 CTSWB(1S)CSUB2(S15)eAUGF «PNBIS12) +FNTSE(S5:15).CE JoCw3, YH50000
& TCEITCNILTCPICIFE Y TREWTFP TR R .FCPLULS.15)FLPREBIS.15). YHS
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COBNDPLPOLUN

] 15)eCOPHBIS 15 ) COPHRBIS IS ), CCPZBI Lo 15 FSWUBEI LS - Y4500
& 't'..iliio'ﬂ!l(lil.’Utﬂ%(lSl.FEHN(:I'FEHﬁlﬁl.FFﬂll:)-Fcﬂl\a.lu! vngo .
T oFCPRISISIFCPHIS ISIoCOPHISL 15 COPRIS12) JCCPZESe 1% ), Y50
8 FSBUBLLS) «FCPBI1IS) FTRHISIFTHNIS) oFTRI(SICTRMISILTRRIS), Yre
9 CTRI(S)CEAMIS) JCERAIS,JCERZ(S)
NZi=nZ-])
PRINT 2.,(8FBIK) K=l 4NZ1)
PRINMT J.0ACBIK) K=l N2
PRINT 4. (BCBIK )K= N2
PRINT S,(PLIX) o=l  NZ)
PRIMT S (FLUXIK ) k=] NZ)
PRINT To(lFTFILuK) o1zl JMFR) x=i N2ID
PRINTY B (ICTFUl oK) ol =] NR)eK=] N2}
PRINT Do ((FSTSHBII X Do l=LoMFR) k=L eNZ L)
PRINT 9u(IFSTSRAII «x ) ol 1 +MFR) =] oNZL)
PRINT D CUFSTSIBII K. "=l MFn)x=loNZL)
PRINT 10, ((CSTSHBL I Dol =l aNR) oK=L aNZ)
PRINT 10.((CSTSRBOL K)ol =L oNR) oK=L oNZ)
PRINT 10, ((CSTSZO0 1o ) ol =l oeNut) o= oNZ)
FORMATL 8F ‘L15F8.5)
FORMATL " AC *LISFELS)
FORMAT(" 8c *LI1SF8.%)
FORMAT(* PL *Ji1S8FB.2)
FORMAT(®* FLUX*,ISEB.L1)
FORMAT (* FTIF *,12F9.1)
FORMAT (* (LTF *,12F9.1)
FORMAT(* FSTRESS'.12FS.1 )
FORMAT (" CSTRESS " 1£2F 5.1
nuul
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I COSTRZIS)I«SI(S)eS2(50eS53U9)CH I, COTSHULS . 15) CSTSR(S41D), YrH500ea0
2 CSTSIBUD15)SMEBIS15) +SRCHBIS 415) S5 CBI515)ICNISICSELS S, YHO00e00
3 CSHIS)LCSRIS).CS2(5) Yi1500480
COMMON/CSULM/CSUBIS) «CSWI(S ) sCSW IS ) Co5uM(S) COMRIS I RIS, YHS00USU0
1 CUSHACIS) CUSHBL IS CTSWHIS) sCS5mulheiS) YH500220
COMMON/MIX LZFOME (S Do FORE (S FOZELS )W FOCPBJUCPALLS) JUCPBLIS) YH30Ue 0
1 PLUIS)CUEBALIS) CUEACLIS)+FUBBIIS) +S30LElIS)CUABLLISI L ubBLIS ), YH5005%00
2 UCPABIIS) UCHPBBILI1S), CUEABI IS +CUEBUILS) +CUSHASTLS ) JLUSWEBELLIS ), YH500%80
3 CTSUBII1IS) «CSUB2(Se 151 eBULGF +PNBISI9) oFNTSe(D1S )0 34Cm T, YHS00600
8 TCESeTCHILTICP Il I eF I TFELTFP  TF BaFCPLBIS 1S )FLPRALL1S5 ), Y HOUOL L0
S FCPHBIS:15).CCPHB(S5: 195)+CCPABIS 19 LlPIBIS 1) F SeudbBilln) . YrH500680
6 FCPBBIIS) FUEBIIS)FUEBBILIS) FERMIDIJFERNIS)FENIIS)WFLP LML I3 YN500080
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I +P2TUS)PITIS).FFRLUX(1S)
TIMESaY IMES 3600,
DO 5! Isi.NR
TCR UL X )=(CTF( 1K) =320 05./79.
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51 CONT INVE
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IFINCSE JEQ. S) GO T) 24
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50 CONTINUE
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21 CONTINUE
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61 CONTINUE
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22 CONTINUE
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DU €2 [ =1NR
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62 CONTINVE
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63 CUNTINUE
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24 CONTINUE
Cessss ANL MODoL ¢
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PI=(FLUNIK)IST[MES Iss)l c6687 7160
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646 CONTINUE
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] 42 CONTINUVE
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PREEXPICAL S LCSHT-P 1) YHOULLLY
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Pa=ALOGIPa) Yud?e e
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GO YO So
50 CONT INUE
DO 9 I=lNR MII9520
CSwili=CSowmiil~CSmuill.x)
9 CSwB2(l.x)=CSwmi |)
SIi=0.

DO 10 I=1.NR
W2ECRIL K002
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EnD DNIONZ0
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CUEBBIL) o=zl 4n2)

USEBRIX ) sXx2] .nN2)
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