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PREFACE

1his report represents one aspect of the research program " Safety

Considerations of Commercial Liquid Metal Fast Breeder Reactors" (AT(04-3)

PA223 and AT(49-24)-0246) funded by the U.S. Nuclear Regulatory Commission,

Division of Reactor Safety Research. The research program is divided into

the following tasks; a) transient analysis of fuel elements, b) accident

analysis, c) post accident heat removal, d) fuel-coolant interactions and

c) thermodynamic effects.

Reports prepared previously under this grant include the fol lowin g :

1. Post Accident Hect Removal with Advanced LMFBR Fuels , R.D. Gasser,

UCLA-ENG-7518 (March 1975).

2. Dry-out of a Fluidized Particle Bed with Internal lleat Generation;

R.S. Keowen and I. Catton, UCLA-ENG-7519 (March 1975).

3. Laminar Natural Convection From Blunt Bodies with Arbitrary

Surface lleat Flux or Surface Temperature; G.M. liarpole,

UC LA- ENG- 752 7 (April 1975),

4. Preliminary Assessments of Carbide Fuel Pins During Mild Overpower

Transients; G.M. Nickerson, UCLA-ENG-7582 (October 1975).

5. A Simplified Method of Computing Clad and Fuel Strain and Stress

During Irradiation; Y. Sun and D. Okrent, UC L\- ENG- 75 91 (Part I)

(October 1975).

6. An Experimental Study of the Thermal Interaction for Molten Tin

Dropped into Water; V.M. Arakeri, I. Catton, W.E. Kastenberg and

M.S. Plesset, UCLA-ENG-7592 (December 1975) .

7. A Mechanistic Study of Fuel Freezing and Channel Plugging During

Fast Reactor Overpower Excursions; V.K. Dhir, K. Wong and

W.E Kastenberg, UCLA-ENG-7679 (July 1976) .
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8. A Simulation or' Thermal Phenomenon Expect ed in Fuel Coelant

Interactions In IJtFBR's; J. Yasin, UCLA-ENG-76100,

(September 1976).

9. On the Nonequilibrium Behavio: of Fission Gas Bubbles With

Emphasis on the Effects of Equation of State; W. G. Steele,

IJCLA-ENG-76118 (December 1976) .

10. A Stethod for the Determin.ition of the Equation of State of

Advanced Fuels Based on the Properties of Normal Fluids;

51. J . llecht , UCLA-ENG-76122 (December 1976).
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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 LHFBR. 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 11x10

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

behavior to 15% burr.-up, with seven axial sections in the fuel column.
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The results of the calcu ations indicate that the axial variationi

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. INTF] DUCTION

The study of steady-state fur *. element behavior is important for

long-term reactor operation; however, it is also important fer 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 overpower accident depends on the mode

rnilure. This, in turn, depends on the stress and strainof fuel pin

conditions of the fuel and clad, due to fission gas release and

retention, fuel and clad swelling, creep, loas of ductility, etc.

Whether or not (and where) the fuel clad gap is open or closed prior

to the transient, may be of major impor tance in predicting the time

and location of the failure.

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

733 CU54
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power rating for a fuel element in EBR II. 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 LMFBn.

Assuming plane strain and axial symmetry for a long cylinder,

elastic equivalent analysis {2] is applied to give a system of dio-

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 irradiation-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 tenperatures lower than 1500 C. In the hot

region of the fuel the temperature is much higher than the brittle-

to-ductile transitien temperature (T =1350*C) I3]; plastic flow occurs

2 Jo



rapidly and the material is weak. Hence, for the sake of simplicity,

we have assumed that this region is stress tree, and the gas pressure

in the central void is transmitted directly to its outer boundary

through this region. The thermal stress that builds up as a result

o - high temperature in the fuel region during the first start-up,r

wil. oe quickly relaxed by creep and by fuel restructuring. It is

assumed th _ the thermal stress originating from start-up effects in

the fuel region can be neglected. Also, since fuel restructuring is

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

effect has been completed prior to the beginning of our calculation.

Fuel cracks are also neglected.

The temperature distribution in the fuel element nay change due

to the burn-up ef fects in the fuel region. This variation is usually

small and slow; thus it is neglected in the current version of .ht

code. In the preliminarv calculations ERASS was used to compute

results which could then be compared w.th those obtained from post-

irradiation measurements and with results calculated using the LIFE III

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

The fuel element behavior in CRBR, and in a conceptual C'IFBR, has

been studied using different correlations for the clad swelling.

The major fuel properties have also been s edied parametrically fer

CRBR fuel pins. It takes KRASS eleven hun ted machine unit seconds

on the UCLA IBM-360-91 to calculate fuel element behavior to 15%

burn-up, with seven axial sections in the fuel column.

. -
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CilAPTER II. THEORY

II.1 The Displacement-Inelastic Strain and the Stress-Inelastic 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.

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

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

pressure P . Let r, 0, z be a set of cylindrical coordinates, and
g

u,v,w the displacement along these three axes. The displacement w

is initially assumed to be zero. Axfal symmetry of the structure and

of the loading is also assumed. Tne three principal stresses are

c , c_, and a . The shear stresses and shear strains on these
r u z

principal planes are zero.

Under the conditions described above, the strain-displacement

relations are:

e = du/dr II-1
r

e = u/r II-2g

where e ,e are the strain components.g

According to the clastic equivalent relation the stress and the

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

_ .;

, _
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99

'O = A(e - e") + 2p(e - er)'r r

0" (*-*)+ Y('O - "O ) |[
-

|

,,

c = A(e - e") + 2p(e - ez),' z z

Here e ", e " and e " are the inelastic strain components. e eg g,,

and e are the components of the total strain and

e" e " + e " + e "
r 0 z

e =e +c9+e .

Substituting Equations 11-1 and II-2 into Equation II-3, we get:
,, ,, i.

du r ) , 7 (u - e0 ) - Ac(A+2p) (dr'c e=
zrr

" "d
(A+%2 ) (" - 0) X (d - * r ) A * II'0+=g z

"

,o = -(A+2p)e +A("-er ) + A( - 0}
The governing equation of equilibrium for a cylinder is:

dc o -cr 0r+ =0 II-5d r
r

Substituting Equation II-4 into Equation II-5, and then

integrating twice with respect to r, yields:

si ii e' ' "
(A+2p)u = y (c +e +ez ) rd + iu re dr

r r 0 r r ra a

ff II

# - "O l + -2
# "

+ 2p- r dd +
r

II-6r r rr 2 ra<

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

get:

~~

,,

s ,
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2pA 1 4u' - re dr
" " " "

1
(e +e0+ez )rdr A+2pc =

r (A+2p) 2 r 2 r
r r a

n .. n n

2 e - 0 "r O
r dd + 2p dr(A+2p) 2 -r rr r

r a a<

c cp 1 - y 2
~

r

The boundary conditions are:

0 = -P at r=a II-8
r i

o = -P at r=b II-9
r o

The values of c and c nd can be obtained from Equation II-7, using
2

Equations II-8 and II-9. Resubstituting these values of c and c,y

into Equation II-7 we get:

o (r) = (c (r)) + (c (r))p II-10
r r e r

u(r) (u(r)) + (u(r)) . II-ll=

e p

Similarly, we can write:

o (r) = ( 0(r)) + (c (r)) II-12g g p

o (r) = (c (r)) + (c (r))p . 11-13z z e z

Ilere
, ,

, '3 ", (P.-P ) 1 P 11-14
b~(c (r)) =
,r e 1b~-a~ r'

, ,

(c (r)) 1+ (P.-P ) - P II-15=
3 , ,L e *b~-a" r'

'1 1 ' '

, (a'P.-b'P ) 11-16(c (r)) =

z e A+p l "
,

b~-a~

, ,

" #(u(r)) (P -P ) 2 (r+p) P- - + II-17=

e 2,(b -a2) Hu pr i o o
.
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( r(r))g - - 1(r)+12 '}+I3(r)-14(#)C1

2 2 ~ ~

b
l- N'1

b -a r - 1(b)+12(b)+13
I

CO-I4(b)-
11-18+

2 2

x ,yx ,, ,, ,,

(O Cr)) 1(r)+1 f C I4(r) A+2p C 0+ z)-2u o2 ")+I 3
")+ A+2p

1*

p

2 2 - _

b -a r - I(b)+12(b)+13(W-14(b)
II-19+ 1+ I

2 2
-

,, ,, ,,

3 ,px(c (r)) 4(#)- k ( 0 + z) - 2peI=

A b+ - 2 2 1(b)+1 (b)I3 (0 -14(b) 11-20I, 2
-b -a -

I (r)+12(r)+I3(#)(u(r)) =

2 2 - -

2_ 2)
Ap+h _I (b)+I (b)+I

+
4(-1

t 3 3

II-21

lie re thc integrals are:

y (r) = y'9p{1
' "

I e rd 11-22
rr a

I,(r) = e rdr II-23

,, ,,

4p 1 e0r
3(r) =

- r dd II-24I
r

r a

e0
14(r) = 2p d II-25

r
a

fl 19 19 ft

g+e 11-26e = e + e
z

-
-
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A and p are Lame's Constants,

11-27" 1- v, Y " 2(1 v)

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

ratio, respectively.

In the fo mulae 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 axfal direction is F and we superimpose a

uniform axial stress C so tliat tile resultant nial force is equal to
3

the restrictive force F C "" h" d"' ""I" d f#"',

3

' 2
F(b"-a )C3+ 2rr(c )w=0 dr = Fz z

1.e.

F - 2 Hr(G )w=0 drz z
C ~

3" 9 ?

(b '-a ')

Here (o ) is the axial stress for zero axial strain (w=0) , described
g

in Equation II-13.

The real axial stress should thus be:

F - 2 Tr(c )w=0 #

"
II-29

= (c ) w= 0 +(c )z w=0 + C3c =

g _,2)2zz

The displacement u is also affected by the superposed axial stress

r must be aMed to clie r@t 11andC' '" # #"' '' '"'"33

side of Equation 11-11. .

'

>
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In Equations II-10 through 11-13, the first term on the right

hand side represents the effect in 't ed 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:
II ff ff

+e"+e P=e +e 11-30
sw

e =e

..

c
where e is the creep strain

e"" is the swelling strain

Ee is the hot pressing strain

i represents the componer.ts in r, 0, and z directions.

Applying Equation II-30 to Equations II-22 through II-28, we can find

the I values corresponding to the creep and swelling ef fects. If we

substitute these I values into Equations II-10, II-11, 11-12, II-13, and

into Equations II-28 and 11-29, the creep and swelling-induced stresses

can be found.

II.2 Inelastic Strains

The inelastic strain includes creep strain and irradiation induced

strain.

II.2.1 The Stress and Strain Relations in Creep Deformation

At low temperatures, the stress-strain 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 proportional to

10 , u ,



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

c c c
de de

0 _ _der, _z =d II-31.

s s s K
r 0 z

c c c
where de de , and de are the increment of creep strains in the

r, 0 z

r, O and z directions, respectively.

S 3 nd S are the deviatoric stress components.
r' 0 z

d is an instantaneous, positive constant of proportionality,g

which may vary during the loading process.

Equation 11-31 satisfies the condition of zero dilation, i.e.,

de' + de' + de' = 0 II-32
r 0 z

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

the principal stresses and creep strains) as:
_

1
' ' '

q c -c ) "+(c -c ) '+(c -c )' II-33c*= g g

7_-

e* = $
\(c'-e')+(e'-ec)+(e"-e')

II-34
r 0 0 z r z

*

It can be shown [5] that c is proportional to the total shear

stress, which gives an accurate measurement for the gross amount of

plastic creep deformation in a polycrystalline material.

* * c
In a uniaxial case o reduces to o and e to e Equation.

r e r

II-31 gives the relative proportion of the incremental plastic-strain

components to the corresponding deviatoric-stress components. Also,

* 3
in the uniaxial case c =c =5S . From these:

rr m

f
de

c
II-35d =

K 2 *
c

~,
,

.

A e
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*
Equation 11-35 can be generalized to multiaxial cases by using c and

*
e defined in Equation II-33 and II-34.

c

II.2.2. The Creep Strain Rate

The creep strain rate can be represented by the following:

!deg
-0/RT * + -^1 - l *"

= Ac c e + o II- 6,

dt 2
_d - [1]

For mixed oxide fuel, we are presently using

_ l.376x.10-
-90.5+D

D= fuel density percentage.

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

D = 92.

0 = 132000 cal / mole

0 = 90000 cal / mole
7

A = 9. 726x10 / (-87. 7+D)

II-37d = grain diagram, p (~ 10)

B = 8.0x10-

m = 4.5

n=1

& = flux

For 316 cw S.S., used presently, the parameters are:

A = 2.7x10-

0 = 95000 cal / mole

A =0 II-381

B = 4.655x10-

m=7

n=3
_ , .

-

L' d,
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* *
Knowing o , de can be determined from Equation 11-36. Then,

from Equations 11-31 and 11-35 the increment of the creep components,

i.e. de de# and de within a time step can be obtained.
, ,

11.2.3. The Swelling Strain

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

= e"0 = e " = 1 sw II-39*8
ee

z 3r

where e*" is the total volumetric swelling strain.

II.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:

--

90
1+Exp [o(T-tt)] [6] 11-40AV |t10" + 1 En=R,)

V
-

a 1+Exp (aT )
-o

where

aV/V = fractional volume change
g

fluence, unit = a/cm (E > 0.1 Mev)$t =

R = d Exp -88.5499+0.531072T-1.24156x10- T

-6 -10 4+1.37215x10 T -6.14x10 T

a = -1.12+6.89x10- T
2

T = Exo -16.7382+0.130532T-3.81081x10~ T
-

-

-10
+5.51979x10- T -3.26491x10 T

T = neutron irradiation temperature in C

6 = multiplicative factor to describe confidence

limits, S = 0.01 for nominal swelling

swell'ng threshold that isIn this correlation there is a

~ ' '

temperature dependent. ,

L< U
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=f(9x10- ) ($ t )l . 5 (4. 028-3. 712x10- T+1.0145x10 bb)
-

-7.879x10- T )[7] 11-41

The limits of applicability of this formula are 4t<10 n/cm ,

E>0.1 Mev, and 360''C<T<600*C. The confidence limits are

150%.

c) = 9.71574x10- (4t)l.6877368Exp[-(1.214x10- T

-6.0696) ][8] 11-42

This gives a swelling which peaks at T = 500*C.

d) = 9.71574x10- (tt)l.6877368Exp [-(1. 214x10 T-2

-7.284) ][8] 11-43

This gives a swelling which peaks at T = 600 C.

II.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

gas swelling at a burnup rate of 2x10 fissions /cc-sec.

The curves in Figure II-l follow the formula:

5 = 10(0.001046T-5.08378) 11-44,

where

5= is the ratio of the displacement rate to the radius of the

outer boundary.

T is the temperature in *F.

Assuming a linear relatian between the fission gas swelling rate

and the burnup rate in the fu?., the displacement of the fuel outer

boundary during 6t time will be.

,
- ~7

/uv
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Au = ba (3600xAt)B -17*

x10 E5B(At), II-45=
.20

10

where B is the burnup rate in fission /cc-sec.

On the other hand, from Equations II-21 and 11-39, the relation

between the swelling strains and the outer boundary displacement can

be expressed by:

(A + SE) A+2p b 1+A+p(c
1 1 Uu(b) rdr II-46=

3 sw
.

c

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

assumed to be constant across the fuel region.

By equating Equations II-45 and II-46, we get the fission gas

swelling in the fuel as follows:

F
-17 b *B(At) 11-47e = 3.6x10 -A ,sw G

where

l "
E) A+2pG= (A+ |1 + A+y f rdr II-483 b

c

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

code, an adjustable parameter AG = 3.4 is introduced in Equation II-47

for the low pover calculations. This adjustment gives a fuel swelling

rate that approximates the upper binding curve in Fig. II.1.

II.2.4 Hot Pressing

The temperature in the fuel region is usually high. Dislocation

glide and stress- enhanced dif fusional creep can reduce the volumetric

strain under hydrostatic compression. The amount of change in the

volumetric strain Ac P caused by this hot pressing process can be -

' }
-su

expressed as: [8]

16



P=fexp(- ) c (1- - e"") At II-49Ae

where

1

0 = 5 (c 0+ z) is the hydrostatic pressure (dyne /cm )+

9
6 cm'K*

e = 4.7 x 10
dyne sec

Q = 4.43 x 10 K

time increment (sec)At =

p = fuel density

the theoretical fuel densityp =
g

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 , hp , hp ,1_ ghpg
r u z 3

II.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:

-5
1 - exp(-6.84 x 10 B)|

(* * )F=1 ' II-50,

0. 421/exp(10.05Q) f

where B is the burnup (MWD /MTM)

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

. o u
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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 Figure

11-2.

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

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

(FNp + N ) R5
P =P 11-51=

'p cv V +Vp cv

P P ,V,V are the pressures and the volumes of the plenum and,

of the central void, respectively.

N is the number of total gas atoms generatedF

N is the initial number of gas atoms
7

F is the fraction of total gas atoms released

i is the average temperature in the plenum and in the central

voi..

-
_

d
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CHAPTER III. THE PROCESS OF PROBLEM SOLVING

III.l. The Basic Process

In the cooler fuel region the creep strain rate is ibout 10 / hour,

corresponding to a 10 psi 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 111.1).

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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The boundary displacements of the fuel and the cladding tre calcu-

lated in each time step. Thus the closure of the fuel-cladding gap can

be calculated by the differential displacement 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 tel and the clad af ter

gap closure (Section III.2).

Once the pressure at the fuel and clad walls has been detenained,

the stress and strain distribution, caused by different physical

effects, can be determined by the formulae in Chapter II.

The axial restriction F 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 P , acting at the end. After the

fuel-clad gap is closed, the friction force F acting between the,

fuel and the cladding, contributes to the axial restriction too. So,

the total axial restriction, F for the fuel column is:
z

a ay
P + (2rb L) F q. III-1= -(b~ - a~f)F

f r f rz

IIere F = pP 7,

p is the friction coefficient,

P is the mechanical interaction betwean the fuel and the
7

cladding. }}}
''
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L is the distance to the upper end of the

fuel column

q = 0, if the feel-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:

F' = 7 (b P - a P ) + (2na L) F q 111-2.

z ce cr c r

III.2. Determination of the Mechanical Force (Pg ) 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 (Pg ) between the fuel and the clad. The increment of

P in each time step should be such that the displacement of the
g

outer boundary of the fuel and of the inner boundary of the clad is

equal. An iteration process has been included in the code (see the

simplified flow chart) to determine the change of Pg (DP) in each time

step.

Let us consider a coordinate system with AU displacement of the
F

fuel outer wall along the X-axis, and with AU displacement of the

clad inner wall along the Y-axis (see Figures III-4 and III-5) in a

time interval At (DP)y, the first approximation of DP is equal to.

the change of P in the last time step. If the fuel-clad gap is
g

still open in the last time step, then (DP) is equal to the gas

pressure change during the last time step. By applying (DP) 7 we get

(AU )1 and (AU )1 If the absolute value of (AU )1 - (AU ) /( U )7p c F

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

approximation, (DP)2 should be tried. , ,,,,

, _. O v
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As shown in Figure III-4, it is assumed that (DP)2 is located at

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

(AU ) = (AU ), ' passes through point (DP) and is perpendicular tonp

line 5. Thus, (DP)2 is expected to have a corresponding (AU )2 nd

(AU ) 2, s that (AU )2 (AU )2 As shown in Hgure m A , (AU and=
p p c2

(AU )3 can be expressed by (AU )y and (AU )y as:p p

(AU )1 + (AU )yp

(AU )2 (AU ) ==
*p 2

In Figure III-4, (DP)y corresponds to a (AU )y displacement of the

cladding wall. As AP varies from (DP)y (DP)3, the variation oftoy

AU is: (AU ) - (AU ) By assuming that.

(DP) (AU )

(DP)2 ( U )2 - c}l

(DP)2 can be determined as:

(AU )y + (AU )y 2 - (6U ) yp

(DP)2 = (DP)1 (AU )1
-

c

(AU )2 - (AU )?F
If the cbsolute value of s stH1 not smaller thm de

(AU )2c

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

vergence.

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

and (DP)3 Point (DP) is assumed to be on P also and have AU = AU p

displacement.

Figure III-5 shows that AU and AU c n be expressed by the first
c F

and second trials as:

- - ,
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(DP)y (AUC1'S F1)

u E
3 (DP)2 (AUC2, UF2)

%
,

aV p

Figure III - The Determination of (DP)

~,
_

s j

u
27



AU = AU = b/(1-a) III-4F

(AU )2 - (AU ) y
"

" (AU )2 - (AU )F p

b = (AU )2 - a( U )2 'and
p

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

LP2 = [(AU ) - (AU )2] + [(AU ) - (AU )2] III-5p F

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

L12 = [(AU }l - (AU )2] + [( U )y - (AU )3] III-6F p .

Corresponding to the different (AU ) and (AU ) values in the first andp

second trial, the following relation is used to determine the third

trial (DP):

(i) (AU )1 (U)y and (AU )2 > (AU )2
>

pF

DP = DP - |DP - DP |
-

2

(ii) (AU )1 < ( U )y and (AU )2 < (bU )2p F c

DP = DP - |DP - DP| III-82 7 2 1

(iii) all other c 1ses

DP = DP2 + (DP - DP ) I P 72 2I III-9

If (DP)i-2 (DP) (DP)2, (DP) are the steps of the iteration=
, ...

process, then the DP value will be reached when (AU - AU )/AU isp

smaller than the prescribed number.

III-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 previous

- - . -

| a , s. ;
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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 Pil, PR and PZ are defined as:

PH = A /C0 0
I

PR = Ao /c > 111-10
r r

PZ = 60 /c I
'Z Z

where Ac ' AUr' h' are the stress increments caused by the creep
0 Z

are the components of theaffect within this time step, and O' r' Z

total stress level in the previous time step. Also, let us designate:

AMX = max PH, PR, PZ III-ll.

To assure 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 < MIX < RV2 (See Fig. III-6).

Let At be the initial time increment and let ua determine AMX .
g g

If AMX is not within tl:e allowed interval for MIX, we adjust at

by a linear relation between AMX and RV1, as described in Figure III-6.g

Thus, the first trial of time increment At is:

At 111-12At =

1 o (AMX) o

We an calculate (MIX) by using t in Equation III-7. If

(AMX) is still not in the allowed interval for AMX, we shall readjust

at. As described in Figure 111.11, the second trial of the time incre-

ment At will be:
3 --- .

1
- G L-
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RV1 - AMX
III-13At = At2 + (At - At1) h - AMX2 o

o 1

This process can be repeated by using

RV1 - AMX* III-14At = At + (at - At ) AMXm+1 m m-1 m -AMX
m-1 m

.ntil AMX 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 III-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 (Ae#) and the stress change (Ac#) caused by

the creep effect. An iteration process is used to adjust At so, that

Ac /c 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 thickness. 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 mecnanical interaction

force (Pf ).

_-
,

6
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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-

colated.

This process is repeated for all the axial sections and for all the

time steps.

}~] .[!j32 u _
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CHAPTER IV. PRELIMINARY CALCULATIONS

IV.l. 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)

2 2 (65 wt % enriched U-235)Fuel UO - Puo

Fuel pellet diameter: 0.194 in., density: 90.9% TD

Fuel columnar length: 13.5 in.

Fuel smear density: 85.5% TD

Fuel-cladding gap width: 3 mils

Cladding material: 20% CW 316 S.S.

Cladding dimension: 0.23 in. OD x 0.015 in. thick

Cap plenum volume. 6.1 cm

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 Grain Equiaxed Grain

Rad ius (mils) 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. By normalizing the radius of the columnar

zone and the equiaxial grain zone to 1650 C and 1300 C, respectively,

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 for 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. In 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 (U ) in the

first and in the second case, after the clad has been irradiated for

10,800 hours. The fuel-clad mechanical interaction (Pg ) la the

second case is also shown in this figure. Because the gap is closed

and P acts on the cladding boundary, U is larger than it was in the
f

first case.

The maximum radial hoop stress ( 0) max cts in the outer wall of

the clad. Figure E-3 shows the time behavior of this stress.

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

by the creep effect, then, it is increased by the irradiation-induced

i
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swelling of the clad. After the gap closure in the second case,

(c ) is increased by the P acting on the clad inner wall.g

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 calculition for a test fuel element that was irradiated

in EBR. The specifications of the fuel element are the following:

Fuel: UO - Puo2 (65% wt enriched)2

Fuel pellet radius: 0.11148 inch

Fuel density. 92.9% TD

Fuel columnar icngth : 13.5 inch

Cladding length : 36 inch

Fuel-cladding gap width : 1 mils

Cladding materials. 20% 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 t eraperature : 980 F

15
Neutron Flux: 0.65 x 10 neut/cm see

The temperature af ter 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 ia 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 areg

very similar. The maximum radial hoop stress in the clad is measured

at the outer wall by both codes. Because of fuel-clad interaction

P at the inner wall, the stress and strain magnitudes start tog

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

this time the value of P is large enough to compensate the outward
7

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

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

(cf) ax si 2L4 ksi
3

e' O.87% 0. 6 7 '.
t

After 7500 hours of irradiation:

KRASS LIFE III

(0 27.5 ksi 29.7 ksi0 max

(e ) 2.46% 2 . 7 0 */.g

Figure E-5 shows the displacement of the fuel outer wall (U )
F

and of the clad inner wall (U ). As this figure indicates, after

2750 hours and 7500 hours, the U nd values calculated by the
F

KRASS code are similar to those given by the LIFE-III code.

"
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IV.2.2. The High Power Case (15.2 kW/f t) .

This is a calculation for a test fuel element irradiated in the

EBR-II. The specifications are the f ollowing :

Fuell UO - Pu0 (65% wt enriched)
2

Fuel pellet radius: 0.1085 inch

Fuel density : 90.8% TD

Fuel columnar length: 13.5 inch

Cladding length: 36 inch

tel-clad gap width: 1.8 mils

Cladding material: 20% 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

15 '

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 (e ) , and the (c ) calculated by the

%\SS code. 3e fuel-clad gap closes at 1600 hours. Before gap

closure the irradiation-induced swelling strain is the nain contributor

to the (e ) After gap closure the creep strain induced by P in the
g.

clad gives a larger (e') . 150 hours after gap closure P reaches a
7

large enough value to compensate the outward swelling of the fuel.

The increase rate of P _ is thus reduced. 150 hours after gap closure
tc

increases by 750 psi, which results in a 5.9 ksi increase of
.f

-7
(o ) After 1750 hours, the creep rate in the clad is 1.9 . JO /hr.c

.g

733 092
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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 P due to theg

fuel creep, (c ) starts to reduce its magnitude 150 hours after0 max

the gap closure. At 4% burn-up, p (c ) and (e0)t is 550 psi,f, ,

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 change of state caused by the creep affect 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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CllAPTER V. APPLICATTONS

V.l. List of Applications.

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

behavior in CRER and in a large conceptual LMFBR. The fuel element

specifications in these reactors are the following:

CRBR Conceptual LMFBR

Fuel material: (U - Pu)0 (U - Pu)0
2 2

Fuel pellet radius: 0.097 inch 0.135 inch

Fuel density: 91.3% 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, 31; S.S. 20% CW, 316 S.S.

Cladding radius: 0.115 inch 0.14 inch

Cladding thickness: 15 mils 17 mils

FJ;sion gas plenum length: 48 inches 37.6 inches

Peaking linear power: 12 kW/ft 16.03 kW/ft

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 kW/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 09441



Symbols: LP: linear power (kW/ft)

NCSW: options for the correlation 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.

15 2?: neutron flux (x 10 en/m sed

(1) Basic Cases

Case Reactor LP NCSW NZ $

A0 CRBR 12 II-40 3 4.7

Al CRBR 12 II-41 3 4.7

A3 CRBR 12 II-42 3 4.7

A4 CRER 12 11-43 3 4.7

R1 CRBR 12 II-40 7 4.7

B0 CRBR 9 11-40 3 3.5

B1 CRBR 9 II-41 3 3.5

B3 CRER 9 II-42 3 3.5

B4 CRBR 9 II-43 3 3.5

R2 CRBR 9 II-40 7 3.5

NO CRBR 6 II-40 3 2.4

N1 CRBR 6 II-41 3 2.4

N3 CRBR 6 11-42 3 2.4

N4 CRBR 6 11-43 3 2.4

H0 Conceptual IJIFBR 15 IL-40 3 8.5

H1 Conceptual IliFBR 15 II-41 3 8.5

HS Conceptual IMFBR 15 II -40 5 8.5

M0 Conceptual IlfFBR 9 II-40 3 5.2

M1 Conceptual IliFBR 9 II ~41 3 5.2

su
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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 = II-40 for all cases

NZ = 3 for all cases

fuel density0 =

9

smear densityo =
g

68 x 10~ T( F) - 4.6628668 (Equation II-44.1)5 = 10
10 23 x 10- T( F) - 4.031495 (Equation II-44.,)5-

,

a = .

Equation II-44.1 and Equation II-44.2 represent two different fuel

swelling models from that of Equation 11-44. In these two equations

the temperature dependence of the fuel swelling has a slope 0.8 and

0.5 times that of Equation 11-44. The anount 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 Element Behavior in CRDR

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

Figure A0-1 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

1st, 2nd, and 3rd axial sections, respectively. After the gap closes,

the highest P is in the 1st axial section. After 13000 hoursg

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

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

pressure is 1.0 ksi at this burn-up.
__, s _
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__ _.

Changes of Parameters Basic
Case Reactor L.P. ; from the Basic Case Case

AA CRbn 12 4.7 creep rate in the fuel x 1.5 A0
_ _ _

AB dBR 12 4.7 creep rate in the fuel x 0.5 A0

AG CRBR 12 4.7 o = 8M TD A0g

All CRBR 12 4.7 o = 83% TD A0g

AI CRBR 12 4.7 O = 85% TD, o = 80% TD AoD g

AN CRBR 12 4.7 $ = egn. Il-44.1 A0

AS CRBR 12 4.7 5 = egn. II-44.2 A0

BA CRBR 9 3.5 creep rate in the fuel x 1.5 Bo

BB CRBR 9 3.5 creep rate in the fuel x 0.5 Bo

BG CRER 9 3.5 o = 88% TD B0g

Bil CRBR 9 3.5 pg = 83% TD B0

BI CRBR 9 3.5 p = 85% TD, og = 80% TD B0D

BN CRBR 9 3.5 5 = egn. II-44.1 B0

BS CRBR 9 3.5 5 = eqn. II-44.2 B0

NA CRBR 6 2.4 creep rate in the fuel x 1.5 No

NB CRBR 6 2.4 creep rate in the fuel x 0.5 NO

NG CRBR 6 2.4 p = 88% TD NOg

NII CRBR 6 2.4 pg = 83% TD NO

NI CRBR 6 2.4 P 5% TD, p = 80% TD NO=

D S

NN CRBR 6 2.4 5 = eqn. II-44.1 NO

NS CRER 6 2.4 5 = eqn. 11-44.2 NO

,u
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Figure A0-2 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 dif ferential 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 dif ferential swelling

-6rate is 10 /hr at 10500 hours in the first axial section. In the

second axial section, the dif ferential swelling rate is 1.4x10 /hr,

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, 3.8x10~ /hr and 0.8x10~ /hr at t = 4000 hours, 5200 hours,

and 10000 hours, respectively.

Fi ure A0-3 shows the stress rate at the clad outer wall, theb

creep (b ), the swelling (b ), and the pressure (b) effects.
sw

From the differential swelling rate across the clad wall described

above, the behavior of b in e h axial section can be understood.
sw

In the first axial section S becomes significant after 10500 hours
g

radiation. After 13000 hours it has a value of 5 psi /hr. In the

second axial section 5 becomes significant at 4800 hours with a peak
sw

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 $ becomes significant
sw

at 3400 hours. It has a peak of 21 psi /hr at 5200 hours. Because the

6600 hours b changes todif f erential swelling chang;es direction, at sw

negative and has a constant -4 psi /hr value after 7500 hours.
_

n?
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.Several days after gap closure the P induced a reaches a peakg

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 5
sw

.
.

and a can generate a shear force, which can produce c , in the clad.
As Figure A0-3 shows, E always tries to relax the stress produced by

the swelling or die pressure. Before the gap closure there is also a

large creep rate in each axial section due to the relaxation of the

thernal stress that was induced during the start-up period.

The sum of 5 , E and E in Figure A0.3, represents the netp cp sw,

stress rate at 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

c
(00) 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, tba atress suddenly increase- due to the effect of Pg.

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 thef.

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 A0-5 shows the radial distribution of the clad hoop stress

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

- , ,,
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slope in each axial section At 1315 hours (1.3% burn-up), this stress

is relaxed by the creep effect. At 4050 hours (3.9% burn-up peak) it

increases to a positive value due to the action of P after gap
g

closure. At 8053 hours (7.7% burn-up), the radial slopes of the

stress dis tribution increase in e'm 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 A0-6 shows the total hoop strain in the clad for each

axial section. After 13000 hours of irradiation, the total hoop

strain (ec) is 5.1%, 1.9%, and 4.2% in the first, second andg g

third axial section, respectively,

Figure A0-7 shows the radial distribution 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 P is the
f

major contributor to the total strain. In the second and the third

axial section the contribution of the swellim> strain to the total

strain is 67.1% and 257. The remaining part of the total strain is

mainly creep strain.

(2) Case Al (CRBR, 12 kW/ft)

Figure Al-1 shows the tem;>erature 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 (Pg ). 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. 1.6 ksi, andg

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

1. 0 ks i at that time.

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

swelling (5 ), the creep (5 ), and the pressure (5 ). Because of thesw cp p

small differential swelling, d , is sm 11 in 11 three axial sections.
sw

In the second axial section, the fuel temperature is higher, the fuel
. . .

is softer and so P is smaller. The combination of a o and afc sw, cp p

giveu the not hoop stress rate, which determines the stress variation

in the clad.

Figure Al-4 shows the history of ( 0} max in ch 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,g.

(o') is 20 ksi, 10.2 ksi, and 15.7 ksi in each axial section,g

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, P causes tension across the clad wall.g

Figure Al-6 shows the total hoop strain in each clad axini

section. At 13000 hours, the total strain is 5.4%, 1.8% and 4.2% in

the first, second, and third axial section.

2 m
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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%, 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 close 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), P is 4.7 ksi, 1.2 ksi, and
g

3.5 ksi in each axial section, respectively.

Figure A3-3 shows the hoop stress rate at the outer wall of

the clad due to the pressure ($ ), the swelling (5 ), and the creep
p cw

(5 ). Because of the differential irradiated swelling across the
cp

.

clad wall, c is positive in the first axial section and negative i r.
g

the second and the third axial sections at the outer wall of the clad.

The combination of 5 , 5 and $ gives the net hoop stress rate
p sw, cp

(5 ) which governs the behavior of the hoop stress at the outer wallg

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 P is large
7

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 0 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%, 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 (CRER, 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 P is highest in the first axial
7

section because of the lower fuel temperature and less clad swelling.

P is 5 ksi, 1.4 ksi and 3.5 ksi in the first, the second, and ti.e
f

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 pressure. In the second axial section $ is large
sw

because of the large differential swelling across the clad wall. This

. .

O can generate a and relax the stress induced by the differential
sw cp -

swelling effect. Because of the higher fuel temperature in this axial

section, the fuel is softer and $ 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 scetions

the summation of $ 5cp, and 5 represents the net rate for the hoopsw, p

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 P Then the stress is increased by the clad
.

7

dif f erential swelling and the acting of P . . At 13000 hours (12.0%
tc

burn-up peak), the maximum hoop stress is 20.5 ksi, 12.2 ksi, and

51
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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 pe riod, 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 dif ferential swelling causes a larger slope even at

large burn-ups. In the first and the second axial sections, P
g

causes tension across the clad wall.

The total hoop strain is shown in Figure A4-6. The radial

distribution of the total strain and the creep strain across the clad

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

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%, 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 Rl.1 shows P in each axial section. After 13000 hours of
f

irradiation, P is 6.6 ksi, 3.0 ksi, 1.8 ksi, 1.4 ksi, 1.7 ksi,
g

2.2 ksi, and 4.5 ksi in each axial section, respectively.

(ch) exhib it sFigure Rl.2 shows (c } in ach axial section.0 max

peaks at 6400 hours, 5400 hours, and 6500 hours in fourth, fifth and

sixth axial sections, respectively. After 13000 hours of irradiation

(c') is 23.5 ksi, 14.8 ksi, 10.9 ksi, 8.5 ksi, 9.5 ksi, 12.6 ksi,
0 max

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 B0 (CRER, 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. P increases to 3.5 ksi, 0.8 ksi, and
f

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% 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
--, . e
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wall can result in stress change. In the fLrst axial set. tion, the

differential swelling rate across the clad is 0.7 x 10 /hr at 13000

hours. In the second axial section, it is 1.0 x 10~ /hr,

1.2 x 10 /hr and 1.1 x 10~ /hr at 8000 hours, 10000 hours and 13000

-6hours, respectively. In the 3rd axial section, it is 0.9 x 10 /hr,

-62.6 x 10~ /hr, and -0.2 x 10 /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 huop 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 Pg) 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, and 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 naxinun 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 BO-3, any chenge in the stress rate, due

to pressure and 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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c
Figure BO-4 shows the history of (c,) max in each axial section.L

The thermal stresses, induced by the start-up heating, are first

relaxed by the creep effect. The gap closure is followed by a stress

j ump under the influence of P This induces shear to the clad andg.

the creep effect can relax the stress several hundred hours after

the s tress j ump. 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 P results in
g

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 E0-5 shows the radial distribution of the hoop stress

across the clad wall at different times. The start-up thermal s tress

is first relaxed to a flatter shape. Af ter ,;ap closure P. adds
ic

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.

Fis;ure BO-6 shows the total hoop strain at the clad outer wall .

It is 5.21, 1.4 ~ and 2.2% at 13000 hours (9.21 peak burn-up) in each

axial section, respectively.

Figure BO-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 903, 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 B1 (CRBR, 9 kW/ft)

Figure B1-1 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 B1-2 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, P is largest in the 1st axial section and is smallestg

in the second axial section. After 13000 hours of irradiation

(Bu = 9.5%), P is 5.6 ksi, 0.9 ksi, and 2.3 ksi in each axialg

section, respectively. At this time, the plenum pressure is 0.5 ksi.

Figure B1-3 shows the maximum hoop stress in the clad. The

radial maximum of the hoop stress is located at the outer wall of the

clad in all three axial sections. Eecause of the larger P in theg

first axial section, (c') is larger there than in the other two

sections. After 13000 hours of irradiations, P is 20.6 ksi,g

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

Figure B1-4 shows the total hoop strain in the clad. Because of

the large P in the first axial section, the total hoop strain isg

also larger there than in the other two sections. After 13000 hours of

irradiation, the total hoop strain is 5.3%, 2.5%, and 3.5%, in each

axial section, respectively.

Figure B1-5 shows the radial distribution of the hoop strain

across the clad wall. It also shows the creep strain. fhe creep )
.m
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strain is 94%, 26.7%, and 28.6% 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-clcd gap 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. P has its highest value in the first axial
fe

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 (5 ), creep (5 ), and pressure (5 ) .
sw cp p

In the first axial section the $ is positive and 5 is larger than
sw p

in the other two exial sections. In the second and the third axial

. . . .

section is negative. The combination of th nd asw' cp,sw

gives the nat 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. In 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 I9.2% peak burn-up), the.

maximum hoop stress is 22.5 ksi, 7.7 ksi, and 15.5 kai 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

(1380 hours). At 4130 hours, 8000 hours, and 12000 hours, P inducesg

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 oppocite 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 seucion, respectively.

Figure B3-7 shows the radial distribution of the total hoop

strain and the craep 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. , ,

I,
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(9) Crse B4 (CKER, 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 F igi.es t in the third axial section and

lowest in the first axial section. The differential swelling across

the clad wall is iilghest 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 hours, and 2250 hours in the first, second and third

axial section, respectively. At 13000 hours, P is 5.4 ksi, 1.0 ksi,
7

and 2.9 1s1 in each axial section. The plenum pressure is 0.55 kai

at that time.

Figure B4-3 shows the hoop stress rcte, at the outer wall of the

clad, due to the differential swelling ($ ), the creep effect ($ ),
g

($ ). As this figure shows, E is high and b isand the pressure
p sw p

low in the second axial section. The summation of $ bcp, and bsw, p

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, P is the t.aln cuatributorg

. - ,
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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. In the

third axial section, both the P and the differential clad swelling
7

contribute to the stress change across the clad wall.

Figure E4-6 shows the time history of the total hoop strain in the

clad. At 13000 hours it is 5.0%, 1.75%, and 3.9% in each axial

section, respectively.

Figure B4-7 shows the radial distribution of the total hoop

strain and the creep strain across the clad wall. At 10000 hours,

the creep strain is 97%, 25%, and 22.5% of the total strain in each

axial section, respectively. The rest of the total strain is mainly

the swelling strain.

Figure B4-8 shows the percentage of the axial displacement for

the fuel and the clad. At 13000 hours, it is 24.5% 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 ho"rs, 1900 hours, 1750 hours,

1750 hours, 2100 hours, 2200 hours, and 2450 hours in each axial

section, respectively. Af ter 13000 hours of irradiation (Bu = 9.5%),

P is 6. 4 ksi, 4.0 ksi, 1.8 ksi. 0.7 ksi, 1.0 ksi, 2.8 ksi, and
g

5.9 ksi in aact. axial section.

Figure R2-2 and Figure R2-3 show (c ) max and the total hoop0

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

(00) max is 22.8 ksi, 18.3 ksi, 11. 6 ks i, 7.7 ksi, 6.1 ksi, 15 ksi,

.,, .
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and 16. 6 ksi; the total hoop strain is 6.2%, 3.6%, 1.7%, 1.5%, 1.6%,

2.6%, and 4.3% in each axial section, respectively.

(11) Case NO (CRBR, 6 kW/ft)

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%) the fuel-clad interaction

force is 1.4 ksi, 2.6 ksi, and 1.7 ksi in each axial section,

respectively. The plenum pressure ia 500 psi.

Figure NO-2 shows the hoop stress rate, at the outer wall of the

clad, due to swelling (b ), the creep effect (b ), and the
g

pressure (b ). b becomes significant after the gap closes. 5
sw

becomes significant at 12800 hours, 11200 hours, and 13200 hours in

the first, second, and third axial sections. The combination of b ,

. . .

O and c is the net stress rate a which governs the behavior of,
g

the hoop 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 koi, 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 NO-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.

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/f t)

Figure N1-1 shows the temperature dependence of irradiation

induced swelling in the clad, and the temperature tange 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,g

2.4 ksi, and 1.6 ksi in each axial section, respectively. The

plenum pressure is 0.5 ksi.

Figure N1-3 shows tne maximum hoop stress in the clad. It occurs

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

17000 hours, it is 11. 0 ks i , 14 ks i , 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 la 1.5%, 2.6%, and 2.0% in the first, the second, and the

third axial section, respectively.
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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 (CRER, 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
g

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 at 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. It

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

17000 hours, it i- 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, ^
'

,

s
third axial sections, respectively. t
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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%, 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 HD (LhFBR, 15 kW/ft)

Figure HD-1 shows the time history of the fuel-clad gap 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 P

increases with time and has a value of 860 psi and 840 psi at

13000 hours in the first and third sectiou, respectively. The plenum

pressure is 810 psi at that time.

Figure HO-2 shows the displacement 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 outer boundary

reduces the gap and closes ir - 830 hours. After 830 hours, the

clad confinement reduces ti.e 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 110-3 shows the ef fect 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- /hr and 3.8 x 10' /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-

-6 -6 -6
ing is 3 x 10 /hr, 1.1 x 10 /hr, and 4.5 x 10 /hr at 2200 hrs,

3000 hrs, and 3400 hrs, respectively in this region. After 3440 hrs,

the peak of the swelling rate shifts to the canter node (b). The

differential swelling rate is about 2 x 10~ /hr after 4200 hours.
-6

In the third axial section, the dif ferential swelling is 1.8 x 10 /hr

and 3.5 x 10~ /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

hinber swelling rate and the hotter node (a) has the staaller one.

The differential swelling is 4.1 x 10' /ar 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 (dsw) and the creep (S ) . S is caused by the
c g

differential swelling rate across the clad wall, described ir

9, .
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Figure 110-4. In the first axial section, 5 becomes significant at
sw

3900 bours and stays almost constant (20 psi /hr) af ter 5800 hours.

In the second axial section, b becomes significant at 1900 hours
sw

and reaches a peak value of 65 psi /Itr, at 3050 hours. After 4400

.

hours, a is small because the differential swelling across the clad
sw

wall is small. In the third axial section $ becomes significant at
g

750 hours and reaches a peak of 23 psi /hr at 1600 hours. After

.

1900 hours o becomes negative because the direction of the differen-
g

tial swelling across the clad wall is changed. The change of b is
g

always followed by the change of 5 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 E and $ represents the net stress
sw cp

($) which governs the stress variations at the outer wall of therate

clad. The net stress is negative in the first several hundred hours

because the creep relaxes the thermal s tress , 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, b is positive and small after 6000 hours. In the

second axial section 5 is positive between 2000 hours and 3000 hours,

and is negative between 3000 hours and 4600 hours. After 4600 houts

bis positive, but small. In the third axial section, $ is positive

between 600 hours and 1570 hours and becomes negative at 1570 hours.

Figure 110-6 shows the maxim m noop stress in the clad. It occurs

at the outer wall in the first axi.,i section and at the inner wall in

the second and the third axial sections after 800 hours and 2500 hours,
u.
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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 H0-5. 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%, 93.8%, and 82.2% in each axial section,

respectively.

Case H1 (Il1FBR, 15 kW/ft)

Figure H1-1 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 than the other two axial sections.

Figrre H1-2 shows the fuel-clad gap closure and the fuel-clad

interaction forces in ?ach axial section. The gap closes at
. 4
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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 psi, 775 psi, and 800 psi in each axial section,g

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

Figure H1-3 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 111-4 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 16G00 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 111-5 shows the total hoop strain in the clad. At 13000

hours, the total strain is 2.5%, 4.5%, and 3.4% 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 84.6% of the total strain in

each axial section, respectively.

..
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Figure H1-7 shows the percentage of the axial displacement for

the fuel and the clad. At 13000 hours it is 16% for the fuel and

1.1% for the clad.

(3) Case HS (DiFBR, 15 kW/ft)

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

f

2100 hours, 1400 hours, 800 hears. 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, P is 960 psi and 900 psi,
7

respectively in these two gaps.

Figure H5-2 shows (c') 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 (c?) starts to increase rapidly at 4100 hours and 3200
e max

hours, respectively, and appears at die outer wall of the clad. In

the other axial sections (o ) 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, (e$) is 2.6%, 5.1%, 6.7%, 6.0%, and 4.2% in

each axial sect'.on, respectively.

(4) Case MO (DIFBR, 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 is 1280 psi,
f

.
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500 psi, and 660 psi in each axial section, respectively. Because of

the faster clad swelling, P reduces its magnitude at 4400 hours andg

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 dif ferential swelling across the clad

wall becomes significant at 5400 hours, 5000 hours, and 4400 hours in

tle first, second, and third axial sections, respectively. The

smallest swellint; 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

dif ferential 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 ($sw), creep (b ), and pressure ($ ),
cp p

As an effect of the differential swelling across the clad wall, b
sw

. .

is positive in each axial section. The combination of d ndsw' g,
. .

J gives the net hoop stress rate (a ), which governs the variation ofg

$g has a signi.ficantthe hoop stress at the outer wall of the clad.

positive value between 5200 hours and 6600 hours, 4600 1.ours and

6000 hours, and 4200 hours and 6200 hours in the first, second, and

.

third axial sections, respectively. In the third axial section o
rJ

is negative between 6300 hours and 7200 hours.

Figure MO-4 shows the maximum houp 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 1.si magnitude. The time behavior of the maximum hoop stress can

be understood by knowing the net hoop stress rate (Figure MO-3) . At

14000 hours, the maximum hoep stress is 9. 3 ks i, 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 0 hr, 1260 hrs, 4020 hrs, 8150 hrs, and 12030 hrs.

Figure MO-6 shows the total hoop strain in the clad. At 14000

hrs, it is 1.4%, 2.9%, and 3.3% in the first, second, and third

axial section, respectively.

Figure MO-7 shows the distribution of the total hoop st. rain and

the creep strain across the clad wall. At 10000 hours, the swelling

strain is 43%, 78.7%, and 85.8% of the total strain in e.ch axial

section, respectively. The rest of the total strain is mostly creep

strain.

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

Finure Ml-1 shows the fuel-clad gap closure (GAP) and the fuel-

clad interaction forces (Pf ). 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, 0.5 ksi, and 0.76 Lsi
g

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 hrs, and 11810 hrs.

_-
,
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Figure M1-4 shows the tottt hoop strain in the clad. At 14000

hours, it is 1.4%, 2.1%, and 1.0% 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 Tours,

7500 hours, and 10000 hours. At 10000 hours the sr ~.ing strain is

77.8%, 92%, and 90% of the total strain in each axial section,

respectively.

V.4. The Rate of che Fuel Swelling

The calculated rates of the fuel swelling for cases 110, MO, and

NO are shown in Figure FSW. Some other data for the fuv1 swelling are

also shown in this figure.

V.S. 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, R1 and R2 in CRBR, and cases 110, MO,

and 115 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 CRER, 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 outuard swelling of the weak fuel region. After

the fuel-clad gap closure, the interaction force is depandent 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 rate are higher; P is thusg

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. P is thus higher in this section than in the
f

other two sections.

As Figure A0-1 and Figure BO-1 show, P is larger in the
f

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 is 4.2 ksi, 1.2 ksi, and
f

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

After 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
f

sections, respectively. Figures Rl-1 and R2-1 also show larger P
f

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 P
g

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, P g

, ,
is larger in the second axial section than in the other sections. | f
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After 17000 hours of irradiation (Bu=8%), the calculated P is
g

1.4 ksi, 2.6 ksi, and 1.7 ksi in each axial section, respectively.

15As the neutron flux increases from the assumed 4.6 x 10
15 2

neut/cm -sec in CRBR to 8.5 x 10 g jc -sec in the conceptual LMFBR,

there is a faster generation rate of interstatials and vacancies in

the fuel, which enhances the creep rate. This effect reduces the

fuel-clad interaction 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 P in the first axial section is 1.6 ksi in the con-
g

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

of 15 kW/ft tuel element in the conceptual LtiFBR, 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). If

tue 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.

15No gap reopening has been calculated for CRBR's with 4.6 x 10

neut/cm -sec flux.

V.5.2 The Stress in the Clad

The stresses in the clad are induced mainly by the action of Pg

and by the dif ferential irradiation-induced swelling across the clad

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

( ' max, s ig ic n i rs section dian those in dieand tbus
O

. . - , ,
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other tvo sections. Because of the low P in the second section,

(00} m has its lowest value there. As Figures A0-4 and BO-4 show,

at a 10% of burn-up (10800 hours irradiation in 12 kW/f t case and

13700 hours in 9 kW/ft case), (c|) is 17.6 kai, 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 section, respectively. Tha calculations,

performed for sevan axial sections in 12 kW/ft ar.d 9 kW/ft fuel ele-

ments, show that the bottom half of the fuel pin has larger ( 0)m
than the upper half (Figures R1-2 and 22-2) .

In 6 kW/ft fuel elements in CRBR, P (J ) have the highestg,

value in the second section, while thair lowest value is in the first

section. At an 8% burn-up (af*.cr 17000 hours of irradiation), (c )

is 9.4 ksi, 14 ksi and 10.6 ksi in each axial section, respectively

(Figure NO-3).

In the conceptual LMFBR, (c') is much lower than in CRBR.O max

This is due to a much lower P in the conceptual reactor, where the
f

fuel creep rate is much larger. In the first and third axial

sections of a 9 kW/ft fuel element, ( 0) max is about half of that in

CRBR.

As Figures MO-4 and BO-4 show, a 9 kW/ft fuel element irradiated

for 19000 hours in conceptual reactor or 10900 hours in CRBR

(8% burn-up), ( 0)m is 10.4 ksi, 8 ksi and 7.4 ksi in the conceptual
reactor, and is 20 kai, 9 ksi and 11.5 kai 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
,c Q
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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 A0-2) . 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 irradiation,

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 UHFBR, the

stress peaks occur earlier, at 3200 hours and at 1500 hours of

irradiation, in the second and third sections, 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,

in the second and the third sections, respectively. There is also a

rapid increase of (0 ) max in the first section at 4300 hours, with an0

increase of 5.6 kai in a 1300 hour time interval.

The 9 kW/ft fuel elements in the conceptual LMFBR have lower

the stress peaks are reducedtemperatures than the 15 kW/ft element, so

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

section which is lower than most of the (a') , in the first axialg

- - ,
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ction during the irradiation history. (c ) 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 sections, respectively (Figure MO-4).

V.5.3. The Strain in the Clad

The total atrain in the clad results from the clad swelling and

from the creep strain induced by the acting P at the inner

boundary of the clad. Because of the relatively large P for fuelg

elements in CRBR, a significant part of the total strain in the clad

is the creep strain. Because of the larger P in the first sectiong

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%. In 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% in the first, second, and

third axial sections, respectively. The larger creep strain in the

second sectien is caused by the larger P For fuel elements of 8%g.

burn-up (irradiated 8640 hours in the 12 kW/f t, 10900 hours in

9 kW/ft, and 17000 hours in 6 kW/ft case) in CRBR, the total hoop

strain in the clad is 2.4%, 0.6%, and 1.6% 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 UHFBR the P is small; therefore, the creep
f

strain is a smaller fraction of the total strain in the clad. In

the first axial section, where the largest P occurs at 15 kW/ft
f

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/f t), 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/f t case, and 2.5%, 4.6%, and 5.1% in the 9 kW/f t case in th:

axial sections, respectively. The total strain in the first axial

section is less than in the other sections because 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, dif f erent correlations are

used for the irradiated swelling in the clad for cases A0, A1, A3, and

79
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and A4. In these cases, the fue] boundary movements, induced by the

fuel creep and by the fuel swelling, are the major contributors to the

t and P values. Since the tame fuel creep and fuel swelling modelg f

are used, t and P values are similar in these cases. The averageg f

t is 1850 hours, 1590 hours, and 1960 hours, the average P atg g

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 t andg

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

cclosure, a rapid increase of P and of (c ) follows. The averageg

time for these fast increases is 96 hours. In that period the average

P increase is 1.1 ksi, 0.5 ksi, and 0.9 ksi and the average ( 0) mf

increase is 6.2 ksi, 2.7 ksi, and 5.3 ksi in the first, second, and

third axial sections, respectively. The smaller P increase in theg

second section is due to the highet fuel temperature, which induces

softer mechanical properties. In cases A1, A3 and A4, the swelling in

the clad is a linear function of time. There is thus no peak of

(00} m in these cases. If the peak of the clad swelling is at 600*C,

the swelling strain is larger at the hotter region (inner wall)

than at the cooler region (outer wall), so, as in cases A0, Al, and

A4, ( 0} max cccurs t the outer wall of the clad. When the clad

swelling peak shif ts to 500*C (case A3), the differential swelling

across the clad wall reverses its direction in the second and the

third sections, and so, ( 0)m shifts to the inner wall of the clad.
But, in case A3, because of the increased P (2.6 ksi after 8300

f

hours irradiation), ( 0 max in the third axial section shifts to the ^

J

outer wall of the clad. As in case AO, A1, A3, and A4 cases have
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(c )m in the first section and the lowest ( 0) m I"their highest
e

the second section. Because of the large P in the first section,
g

the change of the clad swelling has small effect on (o ) in this

section. After 13000 hours of irradlation (Eu = 12%), the average

( 0)m in the first axial section is 20.1 1 0.3 ksi. In the second

axial section, P is smaller, the variation of (c ) is larger due
g

to the changing of the clad swelling. In cases A0, A1, and A4, the

average (c ) is 10.8 1 1.1 ksi.
The hoop strain magnitude in the clad is affected significantly

by the change of the clad swelling model. In cases A0 End 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; ( '0 } m is 1 rger than in cases A0 and Al. The

largest (e ) is in the first 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, (e ) is 1 rg r than
0

in cases A0 and A1. The swelling in the third axial section is aisc

largest e'g is 5.9% in this axialsignificantly lacreased. The

section after 13000 hoars of irradiation.

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

15 2
8 x 10 j -sec neutron flux, the variation of t and P in theg f

first and the third sections are small as the swelling model in the
-. .
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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.o%. 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 hoars of irradiation in case H0, and after 13500 hours of

irradiation in case Al. The gap is 5.7 mils in case H0 and 0.2 mils

in case H1 after 15000 hours of irradiation (.Bu = 9%). In case H1, the

rate of clad swelling is a linear function of time, thus there is no

peak for (c ) m . In the conceptual reactor fu.1 element P is0 g

relatively small; a change of the sweiling in the clad can thus have

( 0)m than in CRBR. As Figures HO-6a more significant effect on

and H1-3 show, (0)mx behaves differently in cases H0 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 H1-4 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 P is low. In the conceptual reactor (e ) is lessg 0

in case H1 than in case R0. Especially in the second axial section,

where it is 64% of that in case H0. 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, B1, B3 and B4. The effect of the

changed model for the clad swelling is similar to those in the 12 kW/ft

182
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cases. t and P variations are small, within 11%. The average tg f g

is 2190 hours, 1860 hours, and 2210 hours; the average P is
f

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
f

this time the average P increase is 1.2 ksi, 0.4 ksi, and 0.8 ksi,
f

c
and the average (c ) increase is 6.6 ksi, 1.9 ksi, and 3.6 ksi

and(ch) showin each axial section, respectively. Both P
f

the largest magnitude in the first section and the smallest one in

in the second section in all, BO, B1, B3 and B4 cases. In B1, B3, and

B4 cases, the swelling is a linear function of time, so there is no

peak of (o ) In cases BO, B1, and B4, the swelling is larger in.g

the hotter region (inner wall) than in the cooler region (outer wall)

of the clad, so (00) m ccurs at the outer wall. In case B3, the

direction of the differential swelling across the clad wall changes

c
its direction in the second and the third sections, so (c ) max is at0

the inner wall in these two sections. After 12000 hours of irradiation

(Bu = 8.9%) the average (c, ) is 20.8 ksi, 8.6 ksi and 15.0 ksi in

each axial section, respectively. The average variation is 8.5%.

( 0) 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.

. . .u
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Because of a large Pf , and a large creep strain in the first section,

the maximum value of e' is in this section for all BO, B1, B3, and

B4 cases. The average (ec) 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
158.5 x 10 neut/cm -sec neutron flux, as the model of the clad swelling

is changed in cases M0 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 P is
f

1.14 ksi and 0.6 ksi in the first and in the third axial sections,

respectively. The average variation of t is 10%, the averageg

variation of P in the first and in the third axial section is 5.8%.g

No gap reopening has been calculated for either the M0 or the M1 case.

The swelling rate in the clad is linear in time in case M1, thus

there is no peak for (c ) As Figure MO-4 and Figure M1-3 show, the.

diffe.ence of (c ) m in these two cases at 6000 hours is relatively0

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 1 0.9 ksi in each axial sectica, respectively. ( 0} m is

smaller in case M1 than in case MO throughout the calculated history.

As Figures MO-5 and M1-4 show, the slope of (00) r ss the clad wall

is larger in case M0 than in case M1.

In case M1 (e ) is less in the second and the third section than

in case M0. It is 0.73 and 0.61 of the value in case M0 for the second

and the third axial sections, respectively. In the first axial

84 ,

/

- /



section (e ) is similar in the two cases. The differences in the0

(e ) values re due to the dif ferent saelling of the clad.
0

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 t and P differences are small. The average t is M 0 hours,g fc G

3717 hours, and 5817 hours in the first, second, and third axial

section, respectively. After 17000 hours of irradiation, the average

P is 1.20 ksi, 2.41 ksi, and 1.53 ksi in each section, respectively.g

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 m. Hence, the changes

of t and P in case N3 are significant. Bec- ie of the larger cladg g

swelling, t is larger and P is smaller in case N3 tM n h caseg fc

NO. t is 8100 hours, 4500 hours and 7700 hours in the fircc,g

second and third axial sections, respectively. After 17000 hours of

irradiation (Bu = 8%), P is 1.62 ksi in the second axial section,g

(1.0 ksi lower than in case NO). Right after the gap closure, the

average time for the rapid increases of P and of (c ) is 67 hours.
g

In this time, the average increase of P is 0.49 ksi, 0.59 ksi, andg

0.57 ksi, and the average (c " ** * * ""* * *
0 x

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

(c )m behavior is almost linear in time after gap closure.0

- r,
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In cases N0, N1, and N4 (c ) 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, (o ) has a higher magnitude in theg

second axial saction than in the other ones. After 17000 hours of

irradiation the average (c|) 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.

(e ) is gre tly dependent on the swelling model in the clad. In
0

case N1, because of a larger swelling strain in the first axial

section, (e ) is twice that of case NO. In the first and the second
0

axial sections of case N4, the smaller swelling strain and creep

strain result in smaller (e ) than in case NO. It is 0.3 and 0.7
0

that of case NO. In the third axial section, (e ) is 1.3 times
0

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 three axial sections, and(e$)

thus is 4.5, 2.2, and 2.6 times that of case N0 for the first,

second, and third axial sections, respectively.

After 17000 hours of irradiation (Bu = 8%) in cases NO, N1, and

N4 the average (e ) is 1.0%, 2.3%, and 1.9% in each axial section,

respectively. The variation from this average value is 37%. In

case N3, (e') 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.

V.5.4.4. The Average Values of tg, Pfc' } max, and (e0)'

As discussed previously, different correlations for the clad

swelling give different results. For fuel pins with 8% burn-up, the

and Q is listed as follows:average t G' fc' "O max,

G+tGt

_

Linear
Power Axial

si eI OIO # I I OReactor (kW/ft) Section G 0G fc fc O

1 1850t 25 3.3 t 0.10 16.41 0.4 2.41 0.3
12 2 1550t 75 1.0 1 0.25 9.11 1.4 1.3t 0.7

3 20751 74 2.3 1 0.03 12.41 0.5 2.1+ 0.6
1 2217122.3|4.7 1 0.25 19.91 0.6 3.91 0.3

CRBR 9 2 17671 44.3 0.87 1 0.1 8.81 0.7 1.81 0.8
3 21171 55.7 1.90 1 0.30 12.81 0.9 2.21 0.5
1 73871 356 1.1 i 0.17 9.61 1.30 1.21 0.80

6 2 '3912+ 294 2.2 + 0.30 13.6+ 0.50 3.3+ 1.40
_ _ _ _

j 3 63251 172 1.4 1 0.25 10.61 0.80|2.61 0.90;
_

1 | 21001 200 0.9 1 0.02 8.41 0.8 2.61 0.2
!9001 50 (open) 6.51 0.3 ;5.71 1.315 2

f21001 10 0.85 i 0.02 6. 81 0. 7 | 3. 71 0. 33Conceptual

LMFBR 1 20751 75 1.6 1 0.01 10.51 0.1 2.41 0.2
9 2 14251162.5 0.68 + 0.01 7.31 0.7 4.01 0.7

3 29501 450 0.96 1 0.02 7.61 0.2 2.61 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 P (0$), and ({} isg,

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.
"

1
,

u
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and (7) is smallerIn the conceptual llfFBR, P 0 than in CRBR.g 0

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,

and (c'}mthe axial naximum of P ccurs in the first axial section,
07

(%)while that of 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 IJIFBR. The fuel properties thus are less

sensitive to the clad behavior than in CRER. Fuel creep rate, fuel

density, smear density and fuel swelling have been studied para-

metrically for CRBR fuel pins. Cases A0, BO, and N0 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 P the clad stress, and the clad hoop strain, byf,

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 (tg)

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

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

times its value in A0, respectively.

_
,
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Because of the changing P7 , the stress differences in the clad

(cases A0, AA, and AB) are significant, especially prior to 6000 hours

irradiation. At 3000 hours, the clad stress for case AB increases by

1.8 ksi, 2.0 ksi, and 1.4 ksi, with respect to that in case A0, 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 t'ae 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% 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 P
7

magnitudes, and consequently the stress and the strain in the clad,

do not change significantly with respact to those in case A0. In

case AH, the smear density is changed to 83% which is equivalent to

5 mils initial gap. t is thus 2900 hours, 2800 hours and 3200a g

Lours in each axial section, respectively (Figure SA-4). Pg , the

utress, and the strain in the clad are smaller than in case A0. 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

section, respectively (Figures SA-5, SA-6) .
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In case AI, the initial gap is 3 mils and the fuel density is

85% of the theoretical density (with 80% smear density). Because of

the same initial gap as in case A0, t will also be similarg

(Figure SA-7). The reduction of the fuel density enhances the creep

rate in the fuel, thus, P the stress, and the strain in the cladg,

are reduced in case AI. At 13000 hours, the reduction of P withg

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, t and P are uced s4nhantly in allg fc

axial sections. In the first axial section, where the 1.ighest P g

occers, it is reduced by 25.7% and by 50.5%, compared to case AO.

This reduction of P is caused by less bulk swelling in the fuel.
7

Figure SA-ll shows the maximum hoop stress in the clad for AN,

AS, and A0. Because of the great reduction of P in cases AN and
fc

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% 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 P is reduced, and as ag

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._ *

s,
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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 P the stress, and the strain in the clad for casesg, g ,

G' fc "" ( 0 maxBO, BA, and BB. In case BA, t ar not changed

significantly. At 13000 hours, P is smaller than in case B0 byg

200 psi. The average decrease of e 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.

P (o ) and (e, ) are larger than in case BO. After 13000 hours of,g

c
irradiation, the average changes of P (c ), and (e ) are 250 psi,,

750 psi and 0.4%, respectively (51gures SB-1 through SB-3).

In cases BG and Bil, the smear density is changed to 88% and 83%,

respectively. This is equivalent to an initial gap of 1.87 mils for

case BG and 5 mils for case BII. 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 P is similar in
g

cases B0 and BG. In case Bli the gap closes at 3400 hours, 3200 hours,

and 3480 hours in the first, second and third axial section,

respectively. The P is slightly smaller in each axial section. Atg

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

each axial section than in case BO.

c
(c ) ax in cases BO, BC, and BH. After theFigure SA-5 shows 0m

(c'0) maxfuel-clad gap closes, the difference of is induced by the P
- fc

c
variation. After 5000 hours, (a ) *" ' # # ' *" "" '0 max

and is lower in case Bli than in case BO. At 14000 houts, it is lower

by 850 psi, 500 psi, and 690 psi than that in case B0. Figure SB-b .
/ .. -!,
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shows the total hoop strain in these cases. It is similar to that in

case BO. In case Bl! at 14000 hours it is lower by 0.38%, 0.2%, and

0.22% than that in case BO, for each axial section, respectively.

In case BI, the initial gap is kept the same (i.e. 3 mils) as

that in case BO, but the fuel density is reduced to 85% of the

theoretical density. This effect has'eus the fuel creep, and thus

reduces P in each axial section. As shown in Figure SB-7, the gapg

closure time is not changed significantly. After the gap closes, P
g

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 (c') for cases B0 and BI. The

dif ferences of (c') are mainly due to the differences of P In.

case BI at 14000 hours it is lower by 1600 psi, 510 psi, and 900 psi

than that in case B0 in each axial section, respectively. Figure SB-9

shows the total hoop strain in the clad for these two cases. Because

of the lower P in case BI, the total hoop strafn in the clad isg

lower. At 14000 hours, the difference of the total hoop strain in

the clad for cases B0 and BI is 0.9%, 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, P the clad,g

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 ksig

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.

1_ . ,
,
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Figure SH-11 shows the (9 ) in the clad. Recause the same

clad swelling model has been used, the shape of (of) is similar in

each axial section for cases E0, Bn, .. The difference in the"

(c") magnitude is due to the difference in P At 14000 hours,g.

(ch)g 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 P and creep strain, the total hoop
g

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 kW/ft Fuel Element

For 6 kW/ft cases, Figures SN-1 through SN--10 show the variation

caused in P t the stress, and tk strain ir, the clad by varyingg, g,

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 ';ccause in case NA tha fuel boundary movement

is re^.arded by the slower creep rate in the fuel. The magnitude of

P is not changed significantly. At 14000 hours, P is similar for
7

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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cFigure SN-2 shows the maximum clad hoop stress
(.c ) max ' # "" "

0

NO, NA, and NB. Because of the s2se swelling model for each case, the

shapeof(c[) is similar and its magnitude is influenced by the

gap closure time and by the mr.gnitude of P After 12400 houra, the.

magnitudes of (c') are similar in cases N0 and NA. In case NB it0 max

is 340 psi and 580 psi lower for the second and 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 Pg , the amount of

the total strain is similar in each case. At 14000 hours, it is 0.1%

and 0.07% lowe'r, in ecse NB, for the second and the third axial

sections, respectively. These differences are caused by the lower P g.
Figures SN-4 and SN-5 show P the gap closure times, and the,g

clad stress for cases N0, 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 P is almost the same in these low power cases after gap closure.g

Figure SN-5 shows (c') in cases NO, NG, and NH. Because P0 max Ie

is almost the same af ter the gap closure, and the swelling model is

the same for the fuel and the clad, the ( 0)m valu s are the same
for all titree cases. The total hoop strain change in the clad is not

significant.

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

kept at 3 mils and the fuel density is changed from 91.3% in case N0,

3 '7_
.,
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to 85% of the theoretical d2nsity 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 is alc smaller in case NI than that in case NO. At 12000 hours,
g

this difference is about 150 psi in each axial section. Figure SN-7

for cases NO and NI. The differences of (c ) in
(ch)shows

these two cases are mainly due to the differences in e . Because theg

difference of P is not significant, the (CO) max differences areg

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
c

changes of P and of (o ) are not as significant as in higher linear
f g

power fuel elements. As shown in Figure SN-8, at 14000 hours, in case

NN P is lower by 160 psi, and by 70 psi than in case N0 for theg

second and third ax!al sections, respectively. In case NS P is lower
g

by 510 psi and 208 psi than in case N0 for the second and third axial
c

(c ) max differ-section, respectively. These P differences induce 0fc

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

c
14000 hours, (a,J) max is lower by 1240 psi and 720 psi than that in

case N0 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 houcs, the hoop strain is 0.4; and 0.12. lower than

in case N0 for the second and the third axial sections, respectively.
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CHAI)TER VI. CONCLUSIONS

1. The KRASS code is a 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 hundred machine unit seconds on the UCLA IBM-360-91 to

calcolace fuel element behavior to 15% burn-up with seven axial

sections in the fuel column.

2. At 12 kW/ft and 9 kW/ft, the axial maximum of P and (c )
f

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

mid-section of the fuel element.

3. The higher neutron flux in the large IJfFBR 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 CRER in most cases.

4. 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 de,endent on

t he clad swelling model. No gap reopening has been calculated

for fuel pins in the CRBR.

5. 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

clad outer wall to the clad inner wall in some of the axial

sections. The radial stress distribution across the clad wall is

also significantly changed.

6. Because of the larger P in CRBR, a large fraction of the total
f

strain in the clad is due to creep strain. In the bottom section

-

lq
-, .
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of the 12 kW/ft element, where P is high and the clad swellingg

is low, the fraction of the creep strain could be 80%. In large

LMFER, P is low, thus irradiation induc ed swelling is the maing

contributor to the total strain.

7. 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 -inducedg

creep strain.

8. 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 ihreshold burn-up. In the

large LMFBR, these stress peaks are high and occur at low burn-up.

9. As the creep rate of the fucl, the fuel pin smear density, or

the fuel density is varied, modest variatior.s 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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FB: Position for fuel outer boundary (1st case; large initial gap)

CB: Position for cladding inrer boundary (1st case)

(G }1; Initial gap (1st case; after start-up)O

"
(G )2: Initial gap (2nd case; after start-up)O

FB
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Figure E - ! Fuel Element Boundary Positions.
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S~ a: Inner node in the clad

m - b: Central node in the clad

c: Outer node in the clad
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1: Net floop Stress Rate

2: Stress Rate due to Pressure
3: Stress Rate due to Swelling

4: Stress Rate due to Creep
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12 kU/ft Cases
Case R1

*7 ? Y
- - - -

,
_

,
~

a

f
'
4

- _r

8
's

m

O

- e ;
%
&

^

r .5
' v
2 2

UCD M

b e
3x

b

k 3-
.i
--

o -

9

e
W

O

3
*

.-

~

et k

g m

I ! | | r g

o
b I E c' {

#(Is4) 4

.

& )

0 t. / '
l ,11[D

134



M
@ 5 T

g M S
d

% g M
e 8

*

m
,

M

.- 3

- N

a:

to

o
O -
m

9

8 G
' e

bo
- m - c

W "

44

E E
D M

a
- W

z

=
2

- , e
.-

N
,

I
~ "~ , , 1 y

g g 1 I
O

SZ 02 51 01 S

(151) ($0)

, , ,

sJ f r

&w

135



@N eAM
D E 'W o
a a Am # g
4

m #

M

. W
M

m
H

N
"

@
m
4

6
e

w

- +
Y #

E c
m -

A C
O ".W M

L
M#
V1

%- g
o

- .
r

%D

tb
s .

-
M

t- a
m
4

\
N

a n
O

9 g 9 C

(1)($8)

.

,

g

$

136



(Case BO)

- -.P

.

e

.

.o

k=1

.

, o

O W
D :C

g I x
w O O "
M : -

,
"

- "
o a

e D
a x

k=3 C
's

~ Q
- u

2
%\\\

a
\ \\ k=2 y 3

,\ \\ - ~
- p

\'\\ _

,
" " _ _B u = 9. 5%

-

-
\i

_,_ _ A .--g- "7 t i i i e
3

0 2 4 6 8 10 12 14 16
~ s

3^

Time ( ' 10 hours)
1

( j Figure 80 - 1. The Fuel-Clad Interaction Forcc the Gap Thickness, and the Plenum Pressure in Each Antal Section

(Case 80)

..

.



a: Inner node in the clad

b: Central node in the clad

c: Outer node in the clad*
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1: Net Hoon Stresn Rate
2: Stress Rate due to Creep
3: Stress Rate due to Swelling
4: Stress Rate due to Pressure
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1: Net Hoop Stress Rate

2: Stress Rate due to Creed

3: Stress Rate due to Swelling

4: Stress Rate due to Pressure
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9 kW/ft Cases
Case n2

( 5[t u) de ;

mi - t

,44

Cm e .,

* ^ ^ $
'0 "t - t

- . i -
g-

i. ,

2
i, m -

,
,

. .
I.

's
; -

;

I " '

3 g

e . -i
i Cg I & *

.- "

I '_
V

~

i c. -
g ~ '

| -
g

8, }[ -l

2-:i
I c- :
i <c -- u

| s
'

| [

2 []
. . .
l .- 9

*
l' ., -

I -

8 i J
l -

,

I a"

I G "
*

| __ i

\ $' '}
\

i ! i'

(M ~
~

~ - -- .
\ / # |
, f 's,' ', ' ; -<~

*

/,r' -~ W | Wpp

/e ,f , , o, i .

o e = - ~ o

(h$$) d

--
, ,

' [_

P00R~0RGNJ1
165



m

W

NW m 9
8 "m g g

M M g

M

\M
,

W
M
m

.

N

- 2

R
cc

/ -
0
-

^

N
1 8 "

* Im -
~

03 c
-

x
v

-&

S ~
@

M
*

a
h
z

3
0
x

I~

v
-

d i l ; 11 .

e/
- ~m . . , g

A
if

i I I I |
O

M S2 02 SI OI q

(151)*(ho)

,

166



m e
e

~ M

\\- . .
e M , .

h4M * u
_

- N
g *

Q
*

5
. o "

- .

-U

-

C
e *
*

, G3 $
$ f

-
M W
-

5

E 2e
- -

t

-

i ;

. ~

, 1 I I f

nft m - O

(s) h

-

.

4. a v

167
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T= 900 Hours Bu = 1.4t (Peak)-.-

T= 6,000 Hours Bu = 2.9: (peak)-.-

--- T = 15,300 Hours Bu = 7.1 (Peak)

,s'
/

/
/

/
lo - ,' '

'
,

s
- s's' s'

/ /

,/ .-
,

5 ,2 ,/
$ /

C d / / / /w .s e o

7y

'.f /-

_ f / /
' -5

r3
I )

"

R R
7 O I O I O

k=1 '~ = 2 6-3

F i g. ';0. 4 The Distrit'ution of the lioop Stress Across tho Cla? :311 (EJw .''



N M m
M M N

A 4 4

D
(C\ H e
3

W

@m

W
m

N
m

M

Y
b
K

M
O

O m
ee

M

w
A

4 O

-e
ZE

b h
+

| 4
1 Q)

w
U

m,
V

O
r

D G

C
e

C
-

eL.
@a

M C1
O
O
I

4
L
H

D

Ca O
Z

r_n
=

b

C

#' et M N g

f
3)

a
% 1

9

L..

|

L ,i 6~ o



5
-

4
-

3
-

K=1

2
-

1 -

A

u m =.- Il r~ ~ - - -

0

5 -

4 -

n -

3n
K=2-

2 _

- - _ _ _ _ _

1
-

----___

_ _ _ _ .

'

0 -

5
-

4 -

3 -

K=3

2 -

1
-

_ _ . _ _ _ _ .

O
-

10,000 Hours 12,500 Hours 15,100 Hours

- Total Strain
Time

-- Creep Strain

Figure NO - 6. The Total Strain and the Creep Strain

Across the Clad Wall (Case NO)
~,

& e

*.

O

173



1 2 3

rm m rm

e
n w

3a
$
e
*Ng

5

f f I l l l I f

350 400 450 500 550 600 650 700

Temperature ( C)

_ i

Figure N1 - 1. The Temperature of the Irradiated Swelling, and the Temperature Range
< a

Across the Clad Wall

r
i

%



(sitm) d'D

, c

I

e

c2
\

- t

a\ ;-

c3

2 U\
a >\ ,

xy
i -

o- -'
u

_a
,,

v
#

7 i
;

- ::~
-

\ ;'

g - 2ca
-

%
\ t

&
\

~

r

^
~

'

'

i\ ;

g
-

,

$
es

a: y vu

8 5o
#';
E l

3 s-
"v .- / g'e E

1c

l 5e
s a

eE * a
/

1

I
j / u

i Na

) O / ., -
~
2

/ /~

// E
g ;i /e "

i / i
I

ll "
/ -\~ 2[[ E/v l( / c

&

-

I |
;

'oi I '
t ' I

@ LO m ~ ~

(ts1) d

m,
R e

' ,

,j

175



N M e=4

H M N
4 4 3E

CC

3
cm

M

- E

- O

_

c
e>

- v
w $

v

t

He
r
u

b - _. _%. .

. )H
.- - -

e
C

_9
b

m

) - n :
M ?

e
r
F-

m

- r3 +

V
-

f f I | c

e o e o e eN sa - -

fhb$) IEU ()- )

,

, . i
o

I..g

t

176



T= 0 Hour

T= 1314 Hours-a-

T= 3868 Hours- .-

-- T= 8040 Hours

--- T = 10140 Hours

e

10
~

,,
-

s' *--

|
,/* ,~ '

'
5 - s' / /

' // .' / .s .

.- .-
,f

//; / / s*
,

'

= /f |*
i

' i/ //'q / y
, /-

'

-5

R R R R Ri,
9 g g

K=1 K=2 K=3

Figure N1 - 4. The Distribution of the Hoop Stress Across the Clad Wall

( Case N1 )

,,

"'
./ ' ~

f_

P00RORGNJ1
177



m M

p 9

W M
ns'

\ \
- =

- ,
_

z

_a_ ~
H

-U

- O
-

"

C
.

{
w-

2" 5
m

O
-

N

W *

G E
-

M
to 8

a
E

t,
O

.

N

_

j e I !
O

N

I

,

[ l *N

L w |

178



1
-

k=1
0.5 -

i . . c i , , , , i

0
R R R

I O g O I 0

1 -

0.5 - k=2

' ' ' ' ' ' ' '0

R R R
I'0 R Rg 0 y y 0

1 -

k=3
0.5 -

_.

' ' ' ' ' ' ' ' '
0

R R R; R "I Ry 0 O g
5000 hrs. 7500 hrs. 10000 hrs.

Fig. N1.6 The Distribution of the Hoop Strain ( - ) and the

Creep Strain (- -) Across the Clad Wall. (Case N1)
"

n'9' J L. L



6 kW/ft Cases
Case N3
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Figure N3 - 1. The Temperature of the Irradiated Swelling, and
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Hoop Strain -- Creep Strain
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Case MO
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C l '" ' j CTIME2=D11MF Ja3042u0
- ' I F- ( F M x 1 -EG. FME J # T3 IS 1 ')+ 104 / 2 0

D T I M E z O T ' M E 2 + ( D T I 4 c' 7 0 i ! ut / 3. ( st : - r M y 21/ (' % * 6 -F A s , ) AJ022,0
[- ~

' FM x t =F u t 2 JHJOc260
-,

- t 7
- DTIMER=OTIWE2 'Hacelso

'
~ [-~ 'N

'

O GO TO 2. -)M Ju 30 0[---,'
23 CO N T INUE Jn AUdos0

[, ..'] ( ~Q'
'- C SC PD = 0.

Q~~ FSCPO=0.,

00 S ts K=1.hlty
b_______ ''l3 00 50 lat.wFH 0dJ10440

.

r--, (~ J) S S: (F S T SHa t t .K 1 -F S T 3 ot t I .K 3 3 * * / + ( f > T ".Ho t I .K 3 -F 3 T 3 / t< ( l .* ) ) * = ,
f1" _

- 1 + ( F S T S R *3 ( t . K ) -F S T 5 2 | ( ! . a. ) 3 . * J
C- StktI.K)=(SS/2.)**0.5L Zii
; "''''C]J FTH=FTF(!.K3+459.6*[% TS=SEKtI.K)**4.5

II'
'%

- l E XP l s E MP( (- 1.196 h 5 ) / F T w )
E KP2 = E M P( (- t9. 8 566 E 4 3 / F T N )r y

CFS F O RM A T ( 2 4. ' T 1. T2 .5 E . E E P l .C X F 2. T b ' . ut 1 * . 3 3 J4U107JJ
{ J~ FPOEN1=FPGtN

IF(FPCEN .LT. 0 . 22 ) & P J f. 'w l - 0 . J J
F LP A = ( l . 5 76C -4 3 / ( - 4 0. 5 + 1 r) 0 * F P ut N1)
FCPA1=(9.72cE t ) / ( - t* r . 7 + 10 0 * F Pu t N 1 ) /10 0.
CPHK(l.K)=(FCPA ) * t 4 '* 1 * T S * ( ( t L 6 ' A 1 )*(i M P 2 ) * ( r$ . t .4 )

1 *F bu t( K ) ) * $F K ( I .K )
59 CONT INUE >" U & 10 rs o
58 CONTINUE

PPP=0.
DO 205 K=t.h21
DOL E ( K ) =2.
G AP ( K la AC8 ( K )-UFt$ ( K )
IF(GAP (K) .GT. C.) tidL F ( K ) = 1.

I F ( 60t_ E ( K ) . E Q . 2. 4ND. PFC(K).LT.Pb4S) N t.< 1PtN(K)=2.
IF ( REOPE N( K ) .E Q. 2. ) GU TC 555

'd GO TO 35f
,j 355 0 0L E ( K ) = 1.

IF ( G AP( K ) .L T . O. ) GAP (K)=0.
'm J 356 C ON T I NU E

1F(HOLE (K) .FQ. 2.) 4 P P = '* P P + 1.

( J
.

G



PERGR=(TGRMN/TGGM)*130.
AVETK=(CTF(1.Nll-32.)*J.5So+27J.
OPuAS=73.5FE*AVETKel,RM/v0L
PGASzPGAS+0PGAS

man
FAMAsO.

SFTHZK30.
SCTRZKao.

26 CO N T IN UE NauJodo
IF(K.EG.NZ) GO TJ nF
CA=AC8(K)
Cuz8Ca(KI

67 C ON T INU E
IF(K .EG. KZI GO TO no OdJ C f d2 0
FAsAF8(K)
7 '$m u F D (K )
DO 66 Isl.WFR
CPR(tisCPHm(I.K)
SLt()=SEK(t.K)

66 CONTINUE
Du 5 t=t.MFM2
AI=I-t Jm Ju/ 7 so
FDR(L.K)stFH-FAD /MFW1

S FR(I.KlaFAeFOWi!.K)*(AI+0 7) JHuCJudQ
F DH ( M F M L . K p * F O H ( M F M S.K)/2.

FOH(MFN.KimFDWiMFMt.K)
F R( MF M t . K ) * F4 ( MF M 2. K a &F 9d ( dF d g K ) /2. + F O k ( HF d 1.8 t / / .

F H( MF R. K ) = F W ( MF M t . K l t F U4 ( MF 41.K ) /J tt OF ( M f 4 K )/ 2.
rGP(1.Kl=FA
MPE l zMF R e t
00 6J t=2.MPHI

N 14=I-t
Ch 69 FG R ( 1. K 5 = F CH ( 11. K ) * F Dd ( ! ! .K )
LA FGVP2(1.K)=C.

DO 400 l a g . Mr a

Its141 _ _ .

F Gv P t ( 1.K ) * ( F H i l . K l * * ? -F G 4 ( I . K ) * * c l /2.
'- >F GV P2( I t . K ) * ( F Gd( I t . K ) * * t -F G d ( 1. n l * +4 3 /< .

400 CONTINUE
999 CO N T I N UE OHJuJJeo

~
~F A 2xF A s*2 Od JU J14 J

FU2*F8**2 dd J u d i t; O f^
Fd A 2rF d2-F A2 iduG3too -

'

A2 scat *2 JddlJd60 s

- H2=Co**2 ' N o t rd 10 i )
H A 2 sR 2- A2 DduloJUO --

FBOA2=F82/FMA2 JNJ1 endo
_

'T
FdA22xF0dA2/2. _

<

s' ,
F BH 2 6sF U A S *F NB A 2 -

'*

-) FADOA2=FA2/ FHA 2
- q

F8DB A23F0 2/ F 8 A2
.

, .j ' ~ .J
, r

'~.C ADBA2* A 2/B A2
s J CbOHA2=82/BA2

Ul zF A 2 *F 8 / ( 2. * F J A2 3 /F A ll' , _

U3=F42*F82 / F U 2 /F is /F 0 4 2 DdUla3J0 ; - ~3
C******** FUEL CREEP adOUJ200 LJ

C AL L FC R EP ( OS T O .K GG . J F .C PH.F 6 vp l f G ypJ , f ow , F ', g t), F g / q, f S j n )
r' I 80= ( 2.5656 FE-6 ) *PL ( K ) /J.IA10/(Fd*Fbl

DOUz0V*0Timt- *

OU:8U* TIME
(-.J



MF a t I"U 0 I #2 3
C****** ELASTIC PRESSU4E EFFECTS

C.tL L FPE(FGvP2 .OPF C A . M PF C )
C AL L F S u MP ( F G4.F G W P1.F uv P2. s t u . D ou .N F $ a . F T Se u

Co******* BOUNDARY CONDITIONS IN AXIAL ulatCTION
FC3=0. ,

00 74 Ist.MFR
11st*1
FOT S( I l sF DT S2( 1 ) +FO Se t ( I ) +FOli f ! )

74 F C 3sFC 3*FO TS( l l *F GvP2 ( II .4 ) * 2.
IFieDLE(K) .E Q . 4.) GO TJ 76
QPat.
I F( DFL .GT. OCL) QP=-1.
IF(OFL .EQ. OCL ) up=0.

DFR 2 x2. * F S * RC C 8 DPF C A E R ) * JP * i FLtl .PPP /N /1 -t ma A . ( F 't A 2 )
GO TO 77

76 DFk l=0. -C AG A S * ( FH A2 ) ,
~~~N

77 FC3=( DFR2-Ft3)/ FHA 2 Cll? )
',DO 78 tat.MFR ,

FOTS(t)sFOT5(I)+FCS t' _ -378 F ST S 2 ( 1 ) sF S 15 2 R ( 1.n ) * F O '. 2 ( l ) (_~ , tg
D TF KsDTFK 6F C 3 (.___.,
FMAsO. 1__

'
,..

PPGSat.E-10 3 (, 1:3
DO 63 Is!.MFR 'js.r

S Ss ( F S T SH( I )-F 5f SW 1 I I ) . = > *( F S I5H( 1 )-F SI S/ ( ! ) ) * * ? h -

-s
1 +( F STSR( I )-F S T S 2 ( 1 ) ) * = 2 c.

- 7; gt
SEFCa(SS/2.)**0.5 '- Ci
IFESE(1) .LT. PPGS) 50 T) 14 < ~ ' _ , -

P/F ( I D = AS Si l .-SLF C / $E ( I I ) [ ' -- "C

(1- - -

;_>g
-

9 GO TO 85 -~'
m 84 PEF i l l s o .

os 85 CONTINUE -

FMAzFMKePEF(I) L
-

83 CONTINUE g _Z23
FMK sFME/MFR ()IF(J.GT.JF) GO TO 354
GO TO 353

354 CON T INUE
1F (K . G T .1 ) GO TO 323 Jav032 u

IF(FME.EG.O.) GO TO 153
IF(FMX .GT. RFI) GO TO 3SJ JWJLjjbO

IF(FMX .LT. RF2) GO TO 350 38 0 u .14 6 0

353 CONTINUE JdJu 3 40 0
C***** FUEL BOUNDARY DI SPL AC EMN T

CALL FUSCwP(FSIB.FS2d.FS38.Std )
65 CO N T I N UE JnJu+1J0

DO 6 Est.NR anv0Jd4G
AlsI-I 3=JO23tO

A NR s NR
CDR(1.K)=(CB-CAD /AN4

6 CR ( 1. K ) = C A +CD R ( 4 .K 3 * ( A I + 0 3 ) JkJ02 duo
Co**** OLACDING CREEP EFFELT 04004120

C AL L CCREP(S18.S28.53d ) oduuk1*u
MGal OwuG47,0

Cassoas MALL PR ES SUR E EFF LOT uuJuerso
C AL L CGPEOPFCK onJuaaoo

C o * * * * * CL ADD IN G S mE LLI NG >a J u s d a omy C AL L CSwL(OUGaA.DUSe3 514C.Nc3m.FrLUx )

J CP3sO.'
i

i. d

t i
_

\



00 79 I=1.NR
ll=I+1
C O T S( I ) =C S m 2 ( l ) +CD T il ( I ) + CJC / C ( I )

79 CP3= CP 3 +CO T S t a l *CR( 1. K ) *C D4 ( 1. A l e d.
OCHZa-DFRZ
C P3 = ( DC H 2 - C F 3 ) / 0 4 2
00 82 !=4.NN
COTS (ID= COTS (I)+CPJ

82 C ST SZ E I D = CS T S2 8( I .K 3 +CO T S( I )
DTCK=DTCK+rP3
C AL L CBCwP (DUF A . DUF 1. 51 d . 32 H . 2 3 u .S t bt
IF(K .EQ. N2) GO Tu 101 0R004963

I F ( ROL E ( K ) . E Q . 4.1 40 TO 101 J4s05000
BOD =TOCA-TCFS D4004020
BDC= BOD /TOCA 6)4 00 SJ 4 0
ABOD= ASS (SCO) OhdQaJc0
IF ( ABOO .LT. CIPFC D uu TJ 1 05

C AL L PPRCI(CPFCK.MPFC
IF(MP .GT. 20) GU Tu 1000 1400d200
GO TO 919 Dwou d2 2 0

101 CONTINUE DwuG5J40
uP = 1 JNud3200
IF (K .EO. hl) GO TO 30 .hud525J
DF ( K ) = dF J ( K ) + T OF 6
DO 8 Int.MFM2
At=l-1 Jd 30 *2 3 e,0

FDR(1.K)=(EF(K)-FA)/MFM1
8 FR(1.Kl=FA +FDHtt.K)*(AI+035) OwJ0dJo0

F OH ( MF M t . K ) = F DR ( M F M 2. K ) /2.
FOW(MFN.K)=FOR(MFMt.K)

N F N ( MF M t . K ) = F H ( MF M 2. K ) + F 7Q ( M F M 2. K ) /? . + F O H ( MF M t . K ) / 2.
0% F R( uf A. K) = FH ( MF M I .K ) + FOR ( MFM t .K )/2. +F DN (Me d . A )/ 2.
N FGH(t.K)=FA

00 12 i=2.MFR
Il=I-t

12 FGR(I.Kl=FGH(ll.K)+FCW(It.K)
JO AC ( K ) = AC S( K ) * T DC A ,___ 'BC ( K ! = SC 8 ( E l + T O C d t -

DO 9 I=1.NR Oka03440 (c~ '~ - )'

Asal-! OdJwd400 ' ' . ,
ANH=NM

CD R ( I . K ) = ( SC ( K )- AC ( K I S / A N4 f~ m_
9 CR ( 1 K l = AC ( K l +COH( 1. K ) *( A l * 0.S ) OHOO53do - . ,(~_.._IF ( K.E 3. NZ ) su TO 103 D4U03220 .i (j

S F ( HOL E ( K ) .EQ . 2. ) AC(K)=HF(KI owdod340 < _-_ _
103 CONTINUE JH O O'20 0 0 l

.(.p - - 21
/ _ lj~E AT =ET

IF(TIME.LT. EIT) Ext:0. [' -
-

IF ( K .EQ. h2) GO TJ 800 Mdot,200 J_ .t
DO 150 I=1.pFR t_ ,7 \ D
SS= (F ST SH( t )-F S TSR( 13 ) * *2 +( F S T ,H( ! )-F 5 7 3t ( [ ) ) .s ? + (F iTak([)- { -c

1 FSTS2(t))*+2 -- r _ _[
s'

7 _. :_
1 SE(1)=(SS/2.)**0.5 - ' ~. - _)

PN(I)=(FSTSH(I ) +F $T SW ( I B + > 5 T s t( 1 ))/J. ,
t

- J SH( I D =F S T SH E l l-PN(Il
~

6

f -

SH ( I ) =F S T SR ( I 3-PN(1) j ;'m*

SZ( I|=FSTSZ(I l-PN(I)
150 PNH(I.K)=PN(I)

DO 151 I=I.pFH
y

SHO(I.K)=SH(Il
' 1

C -)



SA8(1.K)=SR(I)
ISI SZ8 4 8.K )=SZ C I)

D0 152 lat.>FR
F ST SH8( 1.K l a SH8 ( I .K ) + PN8 ( 1. K )
F ST SRS ( 1. K l = SR B ( 1.K B + PN8 ( 1. K )

IS2 FSTS78(I.K)oszetg.ml+Phq(3.K)
F UB B ( K l sF U3 (K)
SF8 (13 a BF (K)
00 153 ;st.pFA
FCPH3(f.K)=FCPH (I.K)
FCPR8(1.K)sFCPR (I.nl

153 FCP25(1.KlaFCPZ (1 K)
00 154 tal.uFR
F$sVB8(K)=F$udB (K)
FCPB8(K)=FCP8 (KI

154 FUE88(ElaFug8 (K)
00 ISS tal.MFR
FERH(I)= ( F S T SH( t )-F a * (F S T S4 ( 1 ) +F 3T SZ ( I I I )/ r r
FERR(tja ( F ST SR ( I D-FP *(F a t iH( t ) +F Si al( ! ) ) )/F r

ISS FEWZ(13a (F 5 T SZ(1 )-FPe ( F 3 f SN( 1) +F d T ad ( ! )) )/ F r
DO RS6 I s t . MF R
FNTSu3sFNTSu(1.K)/3.

F TR H(l l sF ERH( 1 ) +FN T 9 s j + FCPH f 1.K )

FTHR(13aFERR(1)+FNTSu3+FCPH(1.K)
IS6 F TR Z ( I l sF ER 2 ( ! ) +F NT se l + F C P2 ( i . A )
IOS 00 100 !=1.hR

SS=(CSTSMit)-CSTSd(titood+(CSTSHt!)-CSISittil**2+(csisw(Il-
3 CSTSZ(!)38*2
C SE ( I D = ( S S/ 2. l * * 0.5
CN(!)st STSe(I 3+CsTSw(t i+CSTS2( I 3 ) / 3.

CSHEID=CSTSP(1 3-CN(l)
CSH 413 s CST SR( 1 3-CNit)
CSZill=CSTS2(I 3-CN(Al

100 PC8(1.K)=CN(I)
00 Ito !=1.hR
SHCu(I.KisC5H(Il

N SRCR(I.KlaCSR(!) --

os llo SEC8(1.K)=C52(I) (1 - . _ -
03 DO 111 Isl.hR u

CSuS(I.%)aciss2(I.KI #

CSTSMS(I.KlmSHCBt8.Kl+PCH(8.K3 ~. ~~' r: ]
-

CSTSAS4I.KlzSHC8(I.Kl+PCH(1 Kl
til CST S 28( I .K 5 = SZC8( 1. K ) +PCd t ! .K )

- l
s

^

DO 112 lat.hR -]]C CP HS( 1.K 8 = CCPM (I.Kl
CCPRB(1.K5=CCPR (lKl w

112 CCPZ8(1.K5=CCPZ (8K)
DO 113 I n t . kR ''),

CERH(Ils (CST 3 Hill-CPe (C ST SR (I I +CS TSl( A l l a /C F
i -

~ '~1CERR(ID= (CSTSR(1) CPe (CSTSM(13+CSTS24t)))/CE C
183 CERZ(1)= 'CSTSZ(Ie-CP* (CSTSH(II+CSISw(Illl/CF T- f ~')

DO 114 ' teka
L qC Ss 3sC a s e ( I I /3.

CTRH(! )sCERh(I I+C Se 3+ CCPH( I .K )
C TR R E E D =CERR ( I I +C$u 3 * CCPW ( 1.K B ,

184 CTRZ41BmCER2(1)* css 3*CCPZ(1.K) ,"

CUAB(K)=CUA (KI ;>

CUS8(Kl=CUS (K)
UCP A8 ( K ) = uCP A (K)
U CP 88( K l e U CP8 (K)

.>
i< ,

's

,

C
','



CUEA88K3aCUEA 4K3
C ut e8 ( K ) = CUEt1 (K)
CUSWA8(K3sCVSWA (K)
CusuBB(K3sCLSuu (K)
ACD(KleAC (K:
SCB(K3=8C (K) wdu4040MT E Sir MOO ( J.MPHINT )

IF (MT E ST .NE. 0) .a d TO 24 J6490 a s c 0
IF ( K .E Q.NZ ) GC TO 200
C AL L FURITE(FOTS ) osuveJdo

200 C AL L CudtTE (CDTS 3
OwJu /2 0;

IF (K.E O.NZ ) GO TO 3a
IF ( BOL E( K ) .E G . t.) GO To 161 owou 2 74 0

JwJcursouMITE(6.370) aaJo5fdo370 FORMAT (* GAP 85 CLCSra'l
uRITEt6.373) PFC ( K ) . OPFC m. ( K 3 M l d :,1 = 0
GO TO 31 * s0',16 0

3e i uRITE(6.373) Gap (n)
3' 1 FORMAT (* GAP i s op f N . 0 4P ( K ) = * . c 12 4 ) (N a O S e te o

1 CdhTINUE
31.I FORMAT (* AFC = .EI2.4.* J PF C c ' . L 14 . e 3

Jw sGa se uu6* l T E ( 6. 3 7 6 ) AC ( K ) .'IC ( K ) .dF ( K ) Ja d .sS e r> 0uR I TE ( 6. 3 7 9 ) (CH(1.K).I=t.Nwi
uHITE(6.380) (FH(1.K).121. mfd)

378 FORMAT (* AC(n)a*.IPE14.b.* *1C ( A 3 = * . 3.' L 1 w o . ' t+ P (Ai:'.

1 IPE14 63 Jaovov40
379 FOHMAT(* CR(K5='.5Et2.4)
380 FGHM AT ( * FH(Kis. 4E12.4./) Jddoeuuo

GO TO 24 H uu nu r$ J
N 35 CON T IN UE Ow J u t;12 0

*4ITE46.388) AC(n).$C(K)J AJ00&=0
'D mR1TEt6.37%) (CW(I.<$.1-t.Nki Ps . 4 6 0 L u v

381 FURMAT2* AC(K):' L12 4.' ICin) *.t 14 4)
. * e co l '$ 0

24 CCNTINUE
[F(K .E G . N2) GO TU 1/10
SFTHZsO.
SCTRiaO.
DO 1219 Isl.MFW ~

1219 SF T H la SF T H l e F T w f ( I ) / W F H
00 1218 Int.NH

1288 SC T HZ= SC TR Z * C TR Z 4 8 ) /N4
8210 CONTINUC -- m

IF(K.E0.NZ) GAP (K)m' tiI.
Ja is t. s d o

IF(K.LQ.NZ) GO TO JS ./.
~ I F ( 00LE ( K ) .E O . 4.n pF((K):PLA3 * M a ur.o e d

36 KsK+1 Ja s ot.*. 0 0 - )
J IF(K .GT. KZ) GO TJ 25 ~

FK MXsF KM X + F M X / Nil
SFTRZKx5FTMZK+SFTwl/ Nil )' '

SCTH2KmSCTR2K+SCTHl/N21 Ow.,065ou
GO TO 26 0000oF00 -

2S CO N T INUE -

( J DFLz$FfA 4*TFLU
' - - j

DCL z SC T R a * TF LHn
I T Cl = T CL ts e OC L

P "' TFLaTFLSeOFL _-

FJ MXsF JMX +F KM M
FJ AvsF Joe X/ J
MSHO= MOO (J.M*HP3
IF(MSHO .NE. 0) GU TO id91



_ _ . . . .

C AL L GPRINT ( N 2 8 . CP H A . G A P
1891 CO N T I N UE

IF (M TE S T .NE. 03 GO TO 1215
mRITEE6 374) PGAS.DPGAS

374 FORMAT (* PGAS**.E12.4.* JPG45:*.tI2.4)
PRINT 1217.TGRM.PENG4

1217 FOR M AT( 2x. * TOT AL uAs RLLEASr(mutes)=*.Ltr.),8 %> F L ( A st .M Tett FI5,
itON CAS me.F10.3)

W4ITe(6.1284) DCL.TCL.DFL.TFL.FJAv
1214 F U RM A T ( 2 x . 8 0CL . T CL * . 2E 13.4.5 m * DFL . T F L * . L11.4.cx.*FJAb*.

1 EI3.4./)
1215 CONTINUE

MPUNmMOO(J.> PUNCH)
IF(MPUN .NE. il GO TJ 1002
C AL L PU NCH ( C T 4. O f t e tt . au r C K . wP F C . L ipr . . t am a . Na ot t . wst.

1 F S Q 1.F &Q 2. tF SQ 1. TF 5J2. NF b e . NC" .. F T P s . bvF C .F PF C . spu. T LL L AL .
2 O CL . 0F L . R E OP E N. M S HP . T bd M . T G r.M . ~ . .f POL N.t F LU A )

1002 C ON T I NU E
JsJ+1 14v 00 /4 o
IF ( J .GT. JF) GJ Tu 1000 asuyo $ 3 0
IF ( TIME .LT. FTIMF) GO TC 23 JwJGos201000 CONTIHUE

1001 S TO P
L NO
SUBHOUTINE QPRINT (N28.CPWK.0AP

CO MMON /CO MF C/ J . K . T 8 4 6. U T I ME e r d t 2. l a ) . F uw ( 3. t s ) . F S T sH ( % ) . vas v u t e; u

8 F S T SR ( 5 ) .F S T SZ ( 5 ) . C 4 4 5. t S t .C OH ( 9 8 5 ) .L ST SH ( 5 ) . C d T :Hia). fusdO130
2 CS T S2 ( 5 ) .N 2.NR . MF 4. M P. 04 DL E L .4 T F S T . FLU A 413 ) THuvudou

C O M M ON / 4 8 x 2 / OP G A S . P , A S F P J . F OP U . F e' & . F op i . P F C ( 15 ) . O PF u . ( *> U . C P 4 . v et 2J u F, yhJ I FO Suue.FO s aH( 5 9.FJ s sM( 5 ) .FD iet ( b l .FD5 s t a .t 5 ) .C DP t . (uP( . t Dt mF ( .) (HSJLl6J'd 2 .C DCkE (5 ) . CDC Z E ( 5 ) .0 VE 4. DJE d . T OL A 1. T OL A7. T Or H 1. TOF H4. ve t e oD. , YHwdFudC) 3 pys,g3.,33 y,,209doo
D I M E N S I O'- GAP (15) .C P dK ( a .15 )
PRINT .d80. J . T I ME . D T I MF .CPd n t 4. 3 ) .PF C ( I ) . o* f ( / ) .P4 ( ( 3) . Pt L ( e l .

I PF C ( 5) .PF C (6 ) . G AP( l ) . G AP ( 2 ) . w AP( 3 3 .4 %P ( * ) . u A F( T 5. 0 4P t o ) -s
1980 FO RM A f t t F . F T . I . F 5. 2. E 9 2. 6F 6 1. 1A.oEv.2) . _ ?)RETURN {t

-w
END ~

SUBROUTINE F b mHP( F G4.F GV Pl .F GVPJ , i t H . Dou .NF w e .F F S e d ) !-
r "1

CO MM ON/COMF C/ J. K. T A 4 E . O T IME . F H ( s. 4 u p . F Ow ( d.13) . F S T sH ( a ) . yH,ucacc ! L-'
t F S T SR ( 5 ) . F S T S Z ( 5 ) . C 4 ( s e l s ) . C OR ( b .13 ) . L 5 7 L H t S 3. C S T S w ( 7 ) . VHaudiuo ~ C{J

.
-2 C S T S2 ( 5 ) . N 2.Nw . MFW . wp . e A OL E E .M TL S T .F LU A ( 12 ) '

*.4 2v o z u J
COMMON /C ON S TF /F A .F H. F 4 2. F t12.FN A 2.t L . F P . F U2. F U A 1. F b A/ . 6 L & J . f H a v e f .j Q

_' - ~3
1 F U A S .F U A 6.F TF 8 5.15 ) . T JF A . T DF a . F UE U .F U d t i d ) . F A A . f uu . f W. A v . v ttat y L. 0 - / '-2 FS A22. F8826 FU A 3UU.U I .Uj .F AOd A 2 Fb3U A d .F AI U '

CO MM ON /M i x t /F OHE ( 5 ) .F 0HE ( 5 ) . FOlE ld ) . F O CP H. ut P A( t a ) .U CF t. ( ! b ) . VH3OJde-J f .- ' " ~ ')(H av J 3J u
'

'

PL ( 15 ) .C UE A( I S ) . CUE 3 ( 4 5 ) .F UH 3( a d ) . DOL C ( 15 ) .C U 4H ( 15 ) . CuLr t l a ) . TH20u5au - '
J uC P %8415 ) .uCPUB( I S ). cue A3( 15 ). CUEu d( 15 ) , Lase Aa t a s ) .C ua..sH 4 4 3 ) . yHs(eseo

,
.

-

_.

3 CTsud(IS).CSuB2(5 15).uu.,F.PNu( a . la ) .F NTS s ( S. t S ) .Ct J.t o 3 VH300000
4 TC E 3. T Cs 3. TCP 3.C J. Fs J. TF E . TF P. TF e .F CP2Hl a.15 ) .F owwJ( u . l a ) . ' . _ . - '")' ~ '

V H3v on .:0
5 FCPHS( 5 3 5 ) .C C PH6( 5 8 5 ) . CCPH M 5. 8 5 ) . CCP4 J t S. I S ) .F S ev 40 4 I S I . TH 20C 24 C 7'
6 FCPBa t 15 ) . FUE B E 15 ) .F LE dd ( I S ) .f t wH ( a ) .t Lw al d ) .F L W / ( a ) .F LP 4 ( S . 4 a ) VH%0gova ''
F .F CPR ( S.15 ) F CPH ( 5.15 ) .C CPH ( 5. a d ) . CC P4 ( d . 8 5 ) . C C P Z E 2.15 ) . VHauuuMJ ~1
8 FS WUS F e 5 ) .F CP 6( 15 ) .F T WH( 5 ) .F T H N ( 5 ) .F T hl( 5 ) . C T wH I S ) . L THF ( 5 ) , vt.6 v 0 / O O Ir"9 CTR2(5 e .CERH( 5) .CE H4(5) .CERZ(5) Yet300720 Lt

CGMMC J d 112/DP GA S.Pa A S.F PO. F DPO.FP t .F Op t .PF L ( I s ) opt C . CPG.CP t . TH3J07 0
_,g i FD S uud .FO S eHt 5) .FO Ss 4(5 ) .F DS s2 ( 5 3 FOS e (5.15 ) .LDP t . C D PL. L OC H L ( 5 ) YH500/oO2 .C DC RE ( 5 ) . CDC Z E ( 5 ) . D UE A . O UE d . T OC A 1. T DC A 2 . T DF tt i . T UF rti . 0 & l .oP2 . fdduoTooJ J FTSu(5 15) vu2Cu900OIMENSION FGVPI(5 15).FGvP2(b.15).FTSs0(b.15)_4

,j

T.

C

'--

- - - .



_ _ . _ .

.

DIMENSION TDHP(S).VV(58 . V ( 5 ) . S I L ( 5) . 512( $ 3 .F uw ( 5.15 ) D4014020
SUMa0. 0w014040

DO all I-1.MFR
Ce**** FUEL SuELLthG FROM ISP/HLHMAL LAPLHIMENT 04014060

D0 t = 0.0 0 L O4 6*F TF ( 5.K B -b. 0o 3 76 OdJ14450
00=10.**D01

F S= ( 2 0 712E -6 ) * 0. l * 0D * PL ( K l / ( LF *F 6* F U )
F DSM ( 1. K l aF S *0 T I ME
FTSWE1.K)=FS* TIME

C**** HOT PRE SS I NG TO COMPACT TNE SsELLINu UY CHEFP 04014840

TF Km ( F TF ( 1.K )-32.l * 0 556 e 2 T J .
HPHPaPN8 ( 1. K ) * ( 1 45 E-5 ) 7HJt*200
IF(HPHP .GT. O.lGO TC 237

EQHPsE XP( (-4.43t4 8 / TFK )
HP Du a l . -0. 90 0 -F N T S W ( I . K )
TDNP(1)a (1.692E10/TFK)*EQHP'HPtW'HHum*0TIML

C mRITE(6 4563HPDs.H0HP.EQHP
.JL11.3)8

C456 F O RM A T ( 2 M . * HP O W . HP HP .L QHP . Isw J ? * * 0 0
GO TO 238 JHU14*JO

237 TOHPt!)ao. 0d01 = 4 <2 0
238 CONTINUE Owaleenu

FD$u(I.KDs TDHp( I l eFD Sw( 1.K )

FNT S u( t .K ls FNT SW( 1. K ) $F DSu( 5.K )
C WHITE (b.1) FD S u t ! .K ) . TOMP ( 1 ) .F o. T 5 m ( 1. Kl .F NT S m ( 1. K ) odd!*500

IF (FOSs( I .K l .L T . O. 3 F DSu( t .K l .C 04Ulwa20
111 CONTINUE

DO lot tal.MFR
101 VV( I lsF OSu ( 8.K ) *FGVv1 ( I .K )

VP=0.
M DO 100 Ist,pFR
'd Ilsl+1
h VallavP+vvt!)

100 VP= VP eF OS u ( I . K ) *F GV J2 ( I t .K )
99 C ON T I hM E

DO S02 l=5.MFR _ . .

S11(I)=(FUA3 ) * V ( 1 ) /( FR ( 1.K ) * *. ) ,

___--J102 SI2(Ile(FUAA/3.l*V(1)/(FH({.K)**JB
' ' ' '

' ' ,

S IB m( FU4 3+ F L A l / 3. ) * Vu /F f)2 34U1=b40
DO 113 Isl.MFH OdO14ood
R2 s FR ( I . K ) * *2 --

FDSuM(El=FOSwH(1)+FHiA2 * ( 1. + F A 2/H 2 8 e S i ti I_
_ _ _

p~7 f 3;
FO sum ( l l eS i t ( I I + S12( t )-F U4 3UU* F0 3m ( 1.K )

'

FDS%1(3pa-53g(Il-SI2(II+FBdA2*(1.0-FA2/d23*Sid -- 3
113 FDSW2t!)=FBB26 * S t a-F UA 30U *FD5e(1.K)

~- ].04014400 t

DC 104 !=1.MFR 040j4980 6
-

FSTSH(I I aFSTSH( 1 ) +F OSuM( t ) 04015000 ['
s

FSTSR(I ) = F S T SR ( I ) +F D S uR ( 8 ) Dhu1504 0 )
404 CON T ittur Dw0Lus20 < _

RE I stet DNO15140 -
- '-T

ens -

F CR EP ( 05 f B .KGG . JF .CPH.F bvP 1. FbVP 2. F GW . F S t a .F S2 6.F SJM )
-

-JSueROUTINE YHSuotoo ;
COM40A / CON FC/J .K. T I ME .D T 14C .F H (5 15) .F DH t 5.15 ) . F S T SH (5 ) .#-

YHS00180
J 3 FST SR( S ) . F ST SZ(5 ) . C4 ( 5. t S I . C DH t 5.15 ) .C S T SH ( S ) .C S T SW ( 5 ) . I ''

rHs00200
C S T SZ ( S t .N Z .NR . MF N . M P. 8 A OmE F .4 T LS T .F Lu x t l5 )

-- 72 YH3002o0
COMMON / CON STF /F A .F d . F A 2.F 32.FB A2.F E.F P .F U2.F U41.F U A2.F U A 3

1 FU A5.F U A6. F TF ( 5 15 ) . TOF A . T OF B. F DLb e f ud ( 15) .F A A .F UU.F 36A 2. ~. I ~' "YttS00J00
YHS00320

2 Ff3 A22 F88 2 6. FU A 3UU.U t . 41.F AD6A 2.Fb Jd A 2.F A L U .

YH500J40
' E COMMON /F CR EPM /F C3. FO T SHi s ) .F O T SH ( 5 ) .F D TS Z( $ 3 .F S ! ( 5 3. F S2 ( 5 ) . YHS00360

F S 3(S t F OS T HHI S ) .F OS TR R( 3 ) .F OS T R Z ( 5 ) .F ST SHH( b.15 ) .F 5 T Lk H t 5 15) .' ) 1 YHS00Jd02 FSTSZS(5.lSt.SMB(5 15).SN'3(b.15).blu(5.ibl.Ph(5).SE(5),SHtal.
7,



3 SR ( S t . S Z 4 5 8 . F M E
YH500400CO M s. N /MI X t FFDHE * 5 ) .FDRE (5 3 .F 0 2E (5 ) .F DCP d.UC P A t l 5 8.U C Pb ( I S I . Y Hb u d 3 4 0

1 PL i t . . CU E A t t S ) . CU EH ( 15 ) .FUB8( 15 ) . dGL L ( I S) .C U Ad ( I S ) . CUhS ( 15 8 . YHavodoo2 UCP AS415 3.UCPBS( 15 ) . CUE A d( 15 ) . CULeU( 15 ) . CUSu Ab( 13 ) .C ubudu( ! b ) . YH500$dQJ C T S pS ( I S ) .C S uB 2( 5 15 8 .du .4F . PNu( 3 4 5 ) .F N T S u ( 5.15 ) .C5_3.cm 3 YH500dOO
a C E 3. T C J 3. T CP3.C 3. Fu 3. TF E . T FP. T F u F CPZ B( 5.15 ) .F CPh t3 ( 5. t *. ) .4

fMS00620
5 FC PH5( 5.15 ) .CCPHB ( 5.15 ) . C CPR84 5.15 3. C(PZ u( 5.15 ) . FS ou dte ( 15 ) . TH300S40
6 FCP3&( 151.FUES( 15) .F uEdd ( 15 ) .F EkH t h) .F LN W E S ) .f- E w 2 ( 5) .t u*2 ( b .15 ) vasovocoF .F CPR ( 5.15 3. F CPH t 5.15 ) . C CPH t 5 15 ) . CCPd ( 5 15 ) .C C P 2 ( 5. t S t . YHsuo6SO
8 FS uuS( 8 5 ) . FCPB( I S ) .F T HH( 5 8.F TH N ( 5 ) .F T H Z ( 5 ) . C T RH 15 ) . L T h h ( 5 ) . YHsOOF009 CTRZ(5b.CERH(58.CE44(5).CCRE(5) TH300/20O IN E NSI ON CPR ( S t .DC P( 5 ) .F (b ) . C T 2 ( 5 ) .PL F ( 5 ) . O s Ta ( 5 )DIMENSION F GVP I( 5 15) .F G wp2( 5.15 ) .V l ( 5 ) .V2 ( S t . V 3 ( 5 ) .FCb(5.34)T8 00 SA lag.MFR

DC P( I D =CPR ( I l * DT I M E
4F ( SE( I ) . EO . C.) GO TO 12 OdJ10o60DK =(DCPill/SEtt)l*l.3
GO TO 14 ><J1040012 DK =0.

14 FCffRHttgaDE*SHS(I.K)
'DSTRR(Il*DK* SRB (I.K8
F DS TRZ( I B mDK * SZ8( t .K )

C WRITE (6etOO3 CPR(I).DCP(II.SEti).UK.I
C 800 FO RM A T ( 2 K . ' CPR .D CP . GE .OK .82'.4014.J.!*)
C mR I TE(6. l O l 8 FCST RHi l l .FD S TH 4( l ) .t D ST R 2 ( l )
C 101 FO RM AT ( * * D S T RH .D ST H 4.D S T R Z' . 3C l 2.4 )

St C ON T I NUE
C WRITE (6.933 OTIME
C 93 FO RM AT (2 X . 'DT I ME8* .r g o.3 )

DO TO Int.MFR
pg F CPH( { , K l a p CpHB ( { ,K ) e F OS T dH( | )
34 FCPa ( 3. Kl aF CPRS ( 1.K ) 4 FO S T Rd ( I t
pg 70 FCP Z( 1 K ) =F CPZ6( I .K ) + F D S T Wil l )

DO 63 Int.MFR
V II I D =F DS TRR( I I *F G vP I ( i .K )
v3 ( 13 = ( ALOG (F H t I . K i l- AL OG t FG N ( I . K ) ) ) * ( F DS id H E I )-F D S Tn Hi l l )

63 CONTINUE
V P= 0.
DO 64 lato#FR

183864

Chi b)]
F51(I)=VP+#1(1)
VPs WP+F DSTOR( 3 ) oF GvP2 ( 13 K ) '

__64 CO N T I N VE
FS&SmWP -

WP=0. x
00 65 Int.MFA ')
11=181

-sS&3(36mVP ew3(Il
VPm vp*( ALOG (FGR E I I .K I )-4L OG( F G4 ( I .K )) ) *(FDSTww(Il-FOSikHttil

65 CO N T I NUE
F SJ D e VP *

WP=0. b.DO 66 Int.MFR
11=I+1

'
-,

'

v2(IleFS3(IpeFGvPitt.K)
'

ps2 414= wP o wa ( 1 ) ,

WP= vP*F S3( I )*F G vP2( I t .K ) {irLJ 66 CDNTINUE
FS2BmVP

i AlsFA(1.K)
as

F

(.



T I a ( R L * *2 ) * ( O . 5 * ALo r.( R 13 - 0. 2 5 )
T2*FA2*(0.S*ALOu(FAl-0.2d)
T3c0.5*(RI**2-FA2)*ALOG4FAl
F S 2 ( 1 ) a t FO S T HR (13 -FO S THH( 1 ) ) *( T 1-T 2-T J )
DC 61 1=n.wFM J.4Ullg20

R2sFH(f.*)**2 .)=J11440
NA2 =(H2+FA2) 04Jl14t2Q
T !aF S1 ( I 3 /R2 * F S L tJ *Na2/(H2*FUA2)
T 2 = F S2 ( 13 / W 2 + F S2 t1 *HA2/(42*FHAJ)
T3*FS3(!)*FUA2 -FS 3 tt *4A2**UddA2 /(H2)
FDTSH(I ) s ( F U A i ) $ 4 Y L + T 2 ) + ( F V 2 ) * T 3 - ( F U A $ ) * ( F t s 31 w ai (I)+>351H2(1))

1 -(FU2)*FOSTHHill
RH2sR2-FA2 JaJL1690
01=-FSI(I)/H2+F$IH e dd 2 / ( W 4 *> ilA / )
02=-FS2(1) / H 2 +F S2 *3 *H42/(H|* FHA />
0 3mF S3( I )-F SJd *dH2 *F U2/ ( H2 *F u AJ )
FOTSH(l )= (F U A I )*(O)+Ds)+(FU2 )*93 Al l ! 6 *s 0

21 = ( ( F U A6 ) / F H A 2 ) * ( F S k H + F a 2 d .
22=4FU2 )*(FU42 * F i 1( [ ) -F u m 3* ( F esd A ) ) * F 5 4.) )
23=(FUA3 3 * ( F u s i ,4 H ( I ) * F 0 5 .14 / ( I ) ) * t t U J )*(FD21 Hit!)3 JHJ1179U

FDTSI (1)=21+22-25
61 CONTINUC ow1813*0

DO TF ! s t . wr e4 2Hu 11 do L

FSTSH(8 ):FSTSHd(l.A)+F0iSHL1) .)mJ11suu
FSTSHEI ) :F S T S4 d( I . K J 6 F' O T SH ( ( ) J4Ileduo

77 CO N T I N UE b< J 12 3 4 0
RETUHN
LN D Jr< 214 J 'a u

SuuwCUTINE CCHEP(SId.S29.Sla )

' C M M ON /CO M F C / J . K . T I 4 f . D T I wE .6 H ( 5.1 a ) . f L M ( 5 .15 ) . * S T S H l a ) . YHwJt00
_

1 F S T SH ( 5 ) . F S T S t ( 5 ) . C e4 ( 5. I 4 ) . C lw ( ) . 3 5 ) . C b Y T H ( 3 ) . C 515 4 ( 4 ) . YH2004su
2 C S T S Z ( 5 ) . N Z . N H . 4 F ,4 . M P . t' A CL E L . M i L a T . F L J A ( 1 a ) Y H .2 0 U 2 0 0

y
CO MMJN / CON 5f C /C A .C H. 4 2.H 2.q A2. U A 1, L A A .Lyu. C t .(J.CTF(a.15). Yrn00/20

1 CU A ( 15 ) . Cu d ( 15 ) . T o t A . T DC H 41 U. A JU . U A J . U A J. U / .V A 5. d A + . t* 2. i A i . Yet kuC24 0
2 CU A 3UU .C AD E A 2. C IO's A 2 fHsovJoo

CO MMON /CCH E PM /CO T d M( 5 ) .C D T SH (') ).LDIiltd) .CDTT*ett#3.C951s=(at. Y -* ,u u . i J

! CCSTRZ(5 ) . 5 8 ( 5 ) . 52 ( > ) . S 1 (d ) . L+* J. La T 3H0 ( u . I 5 ) . CS I 564 0 ( u .1 > ) . YH woo 4a

2 C S T SZ d ( 5. I S ) . SHC d t d e l '2 ) . S HC :t ( 2 . t u ) . 2 / c J 4 's . t 's ) . C N ( 9 ) . C 5 F ( % 4. TH206sou
3 CSH(5).CSHt5).CSZ(5) T H w u s. s u

CO M M ON / M 1 X 1/ F DHE ( d ) . F Dd L ( .2 ) . F U Z L (b ) . F D u d. U s ** A l l u ) . U CP b t L S ) . Y H 2 u d .2 4 J

1 PL ( l b ) . CUE A ( B 5 ) .C UL 5 ( 15 ) .F U lH( 15 ) .tidLL ( l u i L U A.$ ( l a l . cut U ( l b & . YH3VOjuv

2 UC Pad t 15) .UCPeut I a 3. CUE A H E I 5 3. Cut u al 15 ) .CU S a AH E I o ) .C U$e an( l ,) . vr130 b so

3 C T S ud t 15 ) . C S u d 2 ( 5. 4 % ) . -i d . LF . PNn t '2 1 > ) . F NT S = ( ' .lb).Cr 1. L a 3. fM2 0 J r, J O ~-

A TC t.3. T C e 3. ICP 3. C 3. F e 3. It F_ IF P. IF e .F L Plu t b . l a ) .F CPH d t u.1 L ) . fHaGQa u j

5 F C PHU ( 5.15 ) . C C PH d t > .17 ) . C C P H a ( 5. l *2 ) . C Ce* / u t a . i t ) . f S eU oP ( I S ) . YH 3Ovo 4 0
6 F C Pad t t 5 ) .FUF H( l 5) ,F UE dd ( l 5 ) f t N*1( .2 ) .> LN k(1 ) .F F wl( 5 ) .F C al t S . I 5 ) f H a u Q f,3 o O

7 . F CPR ( 5 4 5 ) . F C PH ( d . t 5 ) . C CPH ( 5.1 2 ) C C PH ( 5. ! *> ) . C C 6J Z ( ') . 15). f et au00d J
6 F S uud( l 5 ) . F CP d( l 5 ) .F T WH( 5 ) . F l ed k ( b ) .F T al( 5 ) . C T HH ( b 3. L T hh ( S t . TH200/00 , _ _ _ -]--

9 C T HZ(S) .CERH( 5) .CE d4 (5 ) .CER / ($ ) YHauO T2 U D
DIMEASICN SF (5 3.CPH ( % ) . CCP( 5 p .F ( a ) . F F ( a J - _ ,

DG 59 1aI.AR d4J16040 _3), ~,

H2sCR(l.K&**2 0<4J1cJoO /
j

R4*R2882 -,

j S S= ( CS T SH d t I . K p -C S T S48 6 ' . A ) ) * *2 + ( C S T SHu t ! .K l-CS T G Z t* ('t . A ) ) * * J _ ')'

+( CST SR 3( I .K l-C S T Sl4 ( a .a. ) ) * *21 t
SE ( 1 ) a ( SS/2. ) * *0.5 OM'J 1 o l d 0

*

TC =C TF ( l .K 3 +4 60. 0 4 U l t>2 4 0
_

-J
C WR I T E t 6. I te 4 o 15.9 OHJBoJ40 r

I C1840 FORMAT (* 5.U*.2ER.2) 9HJ163bJ
IF(SEtI3.EQ.0.)GO TC 160- ,

- - - -



Gt=4- S.6tE4/TC)+ 7 + ALOG ( SE ( I l l-I I . * ALOu t l O. ) + AL Ow( 2. 7 )
G2= ALOG(F LU N( K ) ) + Je4 LOG (SEtt))-34.*ALOG410.)+aLOG(4.r255)
IF ( G1 .LT.-170. 3 GO TO 140
E!=EXP(Gt) owato240GO TO tot ')wo t c3 o o140 ER=0. aaoto3oanel CO N T I N UE UNJ10uO0IFl G2 .LT.-170. 3 GO TO 150
E2=ExP(G2) 'ustnosoGO TO 151 OduttnaoSSO E2 : 0. Jw)tonaaISI CONTINUE J,4alcroo
CPH(I)=E1+E2 04')I o r o aGO TO 161

160 C PR i l l = 0.
161 DC P ( I ) = CPR ( 1 ) *0 T I M E

1F(SE(t) .EQ. O.) od TO 82 'aw a t u je J
OK =(DCP(!)/SE(I3)*t.')
CO TO to >=119e10

12 Da =0.
14 CDSTHH(I)sDK*SHC6(I.K)

COSTRR(18sDK*SRCHLI.K)
COSTRZ48)=DK*SZCH(1.s)

C mRITE(6.100) SDH( t ) . SO R ( ! ) . saz t ! ) . Sf_ ( 1 ) . O'w ( I I . 0 L P ( 13. OA t i l JaJtrJov
C 800 F ORM AT (' S S S S S S * . 7E 15.4 9 Hal/106
C mR I TE ( 6. ! O! )D S THH( I t .DS T w4 t ! I . D3 I .4 t( I ) 74'J a 712 0C 101 FORMAT (*******.3Et5.4) bot 7120
39 CONTINUE On017&oO

DO 70 !=t.N=
N C CPH( 1. K ) =C CPHH ( 1.K l + C D S T RH( I l
%J CCPH(1.K)=CCPRd(i.A)+CCSTHw(1)
b 70 C CP Z ( 1. K a sC CPZ O( 1.K ) + CC S T d 2 ( 1 )

SF=0.
DO SS I=1.hR
GG = ( CO S TH R ( ! )-CD S TwH ( I I ) *C Da ( I .n ) * 0. 5/ C w i t . n l

Al=SF+GG
SF = SF + ( C O S T R R i t )-C Os T 4 H( l l ) * CDh t i . K )/ tw i l . K )
FF(ItaSF

S8 F($3=Al , ~' ES 38 = SF ~ ~" I
StS=0. 04d37260

' ~'

-

S25=0.
5 3 S *. O .

i . . . __ , ~ 7'h
~

00 60 I=1.AR
G t = C D S T R H ( 1 ) * CR ( 1. K ) * C L'4 6 5 . n ) * 0. 5

G2=Fil)*CR(1.K)*CD4(I.A)*0 5 ,. ' ~ '')m
All= SIS *G1 ' - h~'

A12=S2S+G2 . , ~
4

SI S=S L S+CDST 4k (I ) * Ca ( I .K )* C oa t t .K ) -' . Z I~'.

St(I)=AII __ st Z3)52SaS2S+FF(I)*CW(I.K)*CDH(I.K)

S2(1)=Al2 5 #-

60 53(!)=F(I) 3ci

(~ -

,1 ,m,/Ste= SIS
S2B=S25 L-,

C mRITE46.!!s) (S1(!).I=1.58 JavituuO
C mRITE(6.116) (52(I).t=t.53 34u17520 i

~'
C mRITE(6.187) (S3(1).I= test JdLir5*J []C IIS FO RM A T ( 2 M . * S i t ! ) ' . 5E 12.4 ) >N J A 7a0 0
C 116 FORMAT (2X.'S2(II'.5E12 49 ')"U 175 d e,

-j

' )

'd



Cll? FORMAT (2x.'53(II'.5E12.4) 3w017e00
DO 61 !=1.hR 0d0 8 762 0
R2=CH(I.Kle*2 JdulT640
RA2sfR2+CAe*2) D4017obo
T1 = $1( 8 ) /R2+ Si deH A2 /( 42 * d A2 )

C mRITE(6.119) TG1.TG7.Tl Ddal TT4 0
C 119 FORMAT (2K.*TG1.TG2.TI'.3C12.49 OHOIF760

T2aS2(II/R2+S23 * d A 2 / ( H 2 * H A2 )
TJ=53(I3*UA2 -S38 ed A2 *C tsuu A 2/ d 2
T4 =(UA 3 8 * 4 COSTHH(I )+CDST WZ(I )I +(U2 )*(CD5 TRHE I i)
CO T SH( g ) a( L A l l e t T1 + T 2 ) + ( L2 ) e T 3-7 4

EH2mR2-A2
Dis-Sl(II/E2*StH *RR2/td2*dA2)
D2=-S2(l1/G2+S2d *Rdd/(H2*HA2)
03=S3(Il-53d*HR2eCdOR42/H2
40i544!) atla 1 )e(01+02)+(u2 )eJ3 OHJ17Ju0

2te((UA6B/BA2s*(Sta+520)
22=(U2)*(UA2est(1)-uA5 *CaDH A2 es ta )
2 3=(u A 3 ) e ( C D 5 Y WH( ! l +CD S TH Z( 1 ) ) * (U 2 )*sCDSTkl(1)3 Jddloud0
CUTSZ(g)aZi+22-23 DwdluJ40

C mRITEE6.I80) DTSH(1 ).TI.T2.T3.T4.TT udu1o060
C SUITE 46.131) DI.D2.03.ZI.Z2.DTSIEI.JB Jwo! Homo
CitO FORMAT (24.'OTSH . T 1. T 2. T 3. T 4. T T * , c t 4 4. 4 ) DwuldtOJ
C&la F O RM A T ( 2 K . * 0 T S Z .01.DJ .D J e Z 1. Z2 * .o E 12.4 ) PHuld120

61 CONTINUE %J 1614 0
JTTsJ JH018280
00 133 tal.NR t hw i r$ J J O
CSTSH(I ) * C S T SH3 ( I .< ) + C D T SH ( I ) J40!d32J
CSTSR(I 3rCSTS4H(I.K3+CDT344la dwJ 1134 J

133 CO N T I N UE 94u1o3d0
b3 RETURN h4JtH4JC

END OMU10420
SUNROUTINE mINP

COMMON /F CRV/ AC8 615 ) . BCd t i 3 ) . AF d415 ) e dF H( 15 0. F T I Mt . F T .t i T dF 1. YH300100
1 H F 2.DP O . MF . MG . JF . M P9 t N T . H V 1. H V 2.*4PVN C H . M u )L L . T CL H . T F L td . w w t s t t a l YH300120
2. VOL N. V OLU. VOL . A V E T d . G A S . AC ( & 5) .d C ( 15 ) . AF (15 ) .HF ( 15 ) .F L ( 15 I YHSog 0

CO MMON / C O M F C/ J o t . f l 4 E . J T I M E . + H ( .2.15 ) . F DH ( 5 15 ) . f S T 5M ( S ) .s

I F S T SR t 5) .F S T S Z ( 5 ) . Cd ( 5 12 ) . C 04 4 2.12 ) . C ai 5H ( 4 8. C 5 T S w t S t .
2 CS T SZ ( 5 ) . N Z . NR . MFQ .4 0. R A OL E L .M it. 5 T .F L U E ( 15 )

C G M MON / CON S T C/ C A . C d. 42. d 2. d A 2. U A 1. C A A . CUU. Ct . C.2. C T F ( 5.1 d ) . Y
I CU Ai 15 ) . Cut 4( l S t . TD C A . TOC O . A 10. A20.U A 2.U A 3.02.u A S.U AS . 0/ d A . YH50024
2 CU A3UU.C ADU A2.CHDM A2

CO M MON /CCN STF /F A .F d , F A 2. Fd2. F d 4 2.F E . F P .F U2. F U A1. F U A 2.F U A 3.

1 FU A 5.F U4 6.F TF ( 5. t S ) . TDF A . T DF d.F U E d .F UJ t l 5) .F A A.F UU.F bO A2. YH5
2 F B A22. F 9926. F U A J UU .J t . U l .F A Cd A 2. F B OO A 2,F A10

CO MMON /F CH E PM/FC 3. F D T SH( s ) .F OT SH (5 ) . F D T S Z( 5 ) .F > l ( 5 ) . F S 2 ( 5 ) . YHSOO3
i FS 3( 5 5. FOS THH( 5 ) .F JS THR( 5) .F OS Tk 2 ( 3) .F ST SHb( S e t 5 ) .F S T $6 3 (5.15 ) . YHs00Jod _.

2 F S T SZS ( S.15) . SHd ( 5 15 ) . Sda t s.15 ) .52d ( b .15) .P N( 5 ) . SL t d ) . SH( a ) . YH e,- -

3 SR ( 5 5. SZ ( 5 ) .F M X ( ' ~. . /
COMMON /CCR EPM /CO T SH( 5 8.CDT Sd (5 ) .CD TSZ ( S t .CD s Twd ( 5) .C DSTRR(5 8 . Y - -

t CD STRZ (5 I .5 3 ( 5 ) . S2( 5 5. S 3 (5 ) .C.33.05 T aHu (5. 4 b l .CS T Swd t 3 1 a ) . YH
r~ - 12 CS T SZ8 8 5.15 3 . SHC B ( S .15 ) . SHCH t 5.15 3 . 5 4C 0 ( 5.15 ) .CN ( 5 ) . C SE ( 51. Y t

3 CSH(5).CSR(5).CSZ(5) ,_ - - ~'Ol
.! COMMON /CSWLM/CSue(53.CSuI(5).CSw(SI.CsuM(5).CSsH(St.CSut(5). Y L

- #

,'
2

~1, I CU $u At l 5 ) .CUSuG E 15 ) .C T S u (5 ) .C SsH( 5. 8 5)
- 'l

,

CO MMON/M I X 1/F OHE (*2 3. FOR t (5 ) . Fu2L t 5 3.F D CP B.UC P A t 15) .UCPts ( 15) .
( j 1 PL t 15) . CUE A ( 15 9 .C UE 3 ( 15 ) .F Uddl 15 3. DOLE ( ! $ ) .CU Att i 15 ) . Cub d 6 I S ) . YH '[

'2 UC A ASE 8 5) .UCPHO E 4 5 ) . CUE AU( l5 ) .CUEud t t 5 ) .CU SW A8( l *2I .C USuMH( I S 3. YHS00 [j ~ _. ')3 CTsua(15).CSsB2(5.tSt.au.Gr.PNe(d.Is).FNTSs(5.858.CL3.Cu3. YHS0060
A TC E 3. T C s 3. TCPJ .C 3.F W 1. TF L . T F P . TF e .F C PZ u ( 5.15 ) .F CPWB ( 5.15 ) . YH3 6 .

- i_

s ..%<."

3 1 -
"cw
- m~
k



5 FCPH8(S.158.CCPHH(5.ts).CCPda(5.t$3.CCPZH(J. 8 5 ) , F S uudb ( 1 t - YH5005
6 FL P88( I S ) . FUE S( 8 5 ) .F ut d1 ( 15 ) .F LNH( 5 ) .F f H k t $ 3.F F H f ( d ) .F CP t t a .15 5 YHs
7 .F CPR ( S.15 3. FCPH ( 5. t S ) .C C PH ( 3.13 ) , CC PH ( 5. | 3 ) .CC P / ( 5 15 ) , YHbQ
8 FSuuS(SS).FCPB(15).FTRH(58.FTHH(5).FTH2(5).CTkH(5).Likk(58 YH
9 CTRZ(5 3.CERH( 5 8.CE WR(5 & .CEWZ(5 )

hit =NZ-1
PetNT 2.(BF8(Kl.Kat.h2tl

P21NT 3.(ACS(K3.Kat.NZ)
PRINT 4.(BC8(Kl.Kat. Nil
PRINT 5.(PL(KI.Kat.NZ)
PRINT 6.(FLum(K).K=1.NZB
print 7.((FTFit.Kl.1at.MFal.nza. nit)
PRINT 8.((CTF(I.Kleist.NRI.Mzt.NZ)
PRINT 9. ( ( F ST SH6( 3.E l e t z I .MF 4 5.ns 1.N2 4 )
PHINT 9. ( E F S T SR S( I .K ) .1 ' t . MF 4 ) . K 21.Nll )
PHINT 9.((FSTSZa(1.K; *mt. mfd).K21.NZ1)
PRINT to.((CSTSHB(1.K).tst.NW).Aat. Nil
PRINT to.((CSTSRU41.Kl.I=t.N4).n 1.NZ)
PRINT t o. ( ( C S T Slu t I . K ) . I = 1. Nd ) .n = 1.Ni s

2 FOWMAT(* BF *.15FS.5)
3 F OR M A T ( * AC 8 . 8 5F e . $ )
4 FORMAT (* 8C 'etSF8.5)
S FORMAT (* PL 'etSF8.2)
6 FOR MA T ( * FLun'elbE8.8)
7 F OR M A T (' FTF '.12F9.13
8 F OR M A T (* CTF '.12F9.tl
9 FORMAT (* FSTHESS'.12F9 19
10 FORMAT (* CSTRESS'.12F9.8)

R E T UR N
EN D

N SUSROUTINE C S ut ( DO SW A. OU Su R . 51 HC . NCS s . h t tu a a

C MMON /COMFC/ J .K. T I ME .O T I ME .F d i a .15 ) .F DH (d .15 3. f S T SH t 5 ) . YH50Jt60
b t FS T SR ( 5 8.F S T SZ ( d t . CH t 5.15 3.C DH t 5. t u) .C ST SH E 5 8.C S T 5H ( 3 ) . TH509tdJ

2 CSTSZ($$.NZ.NH.uFH.MP.9ACLEE,MTE5T.FLum(15) YhS00200
CCMMON / CON S TC /C A .C F1 4 2.H e .0 4 2, U A L ,( A A . Cy g. (E .CP ,C I F ( 5,8 5 9. VH300ggO

1 CU A( IS ) . CU S( 15 ) . TDC A . T DC D. A ! U. A20. U4 2.U A J. U2. UA 5. U A m .H< u A2. YHSwo24 0
N CUA3UU. CAD 6A2.CdDdA? YH500260

COMMON /CCR EPM /CD T S V * 5 ) .C O T SR ( 5 ) .Cu Y SZ ( 5 3 .C D S t kH ( a l .0 9 si k w ( 5 9 . Yd5Ju440 .---
I CD S TW2 8 5 8. S t ( S t . 52( 5 ) . S 3 ( 5 ) . CP J . C5 T SHd( 5.15 ) .C S T Sw 4( 5. t o ) . YH50044 0
2 CS T S28 4 5.15 ) .SHCu( 5. 4 5 ) . SdC B ( d .15) .b'.C u( 5.15 4.C N ( 5 ) . C SE ( 5 ) . YHuo0eu0
3 CSH(53.CSR(St.CSZ(58 YH5004eo

CO MMON /C SuLM/C Su m ( S t .C Su 14 5 ) .C Su (5 ) . CS u H t 5 ) . C Su M ( 5 3. C Sa l t s ) . YHS00300 . _ ,

I CUSu A( I S ) .CUS uB( 15 ) .C T Su ( 5 9 .C S uu( 5. 4 5 ) YHdOOa20
CO MMON/ MIX 1/F DHE t t ) . FDdc ( 5 ) . F D 2 L ( 5 8.F OCP B UCP A t 15 ) .UCPb t 4 5 ) . YH200ae0 . s

1 PL i t S) . CUE A t t 5) .CU E 3 ( I S ) . FU6 d( 15 ) . DOL C i l 5 ) .C U 4d t 15 8. tub d ( 15 ) . YH500500
2 UCP A8( IS ), UCPS8( 15 ). CUE A6( 15 8.C UE HJ( 15) .C U S u ad ( 15 8 .L USu rib i l 5 ) . YH3003oo J .

3 CT S uB( I S ) .CSu M2( 5. t d ) . 80. GF . PN H( 5 15 ) .F N T S u ( 5.15 3.Ct 3.C u 3. YHS00600 /
4 TCE 3. TCuJ, T CP3.C 3.F e 3. TF E . TFP. TF u.F CP40 ( 5 4 5 ) .F L PwH( d. 3 5 ). Y Hs0 00 2 0
5 FCPH8( 5. t S 3.C CPH8( S.15 ) . CCP4 B( 5.15 ) . CC Pt H( 5 4 5 ) . F S ev dD( 15 ) . YH200oe0
6 FCPB8 4 3 5 ) .FUES( 15 8.F UE 8tsi lS t .F EHH(S ) .F Lw H t 5) .F EWil d ) .F LPlf d e ld i YHS00060
F .F CPR ( 5. 8 5 ) .FC PH t 5. t S ) .C C PH t 5.15 6 . CC Pd ( 5 .15 ) . L C p l( d .15 ) . YH3006u0
8 FS uuS(15) .FCP8( 15) .F T RH t 5 9.F TdH( S) .F TN 4 ( t) .C TwH ( 5 3.L Tkk( bl . YHS00700
9 CTRZ459.CERHt5).CtRa(5).CERZ45) YHS00720
OIMENSION SSu(58.SII(5).SI2(5).Un(5) .TCKts.t53. PIT (28.Pst$)
1 .P2T(5).P3f(5).FFLUM(15)
T4KESaT5 mea 3600. ,

_ _ _ .DO St Int.NR
TCK(1.K3=(CTFil.K)-12.l*5./9. 6

%~ .'I CN8s (C ST SH8( I .K ) +C S T SRH E I .K ) *C ST Stu( 8.K i l/ 3.
PS (Ilu t .

J

L-J

J

e r

\%



P=(1.214E-28*TCK(i.K)
PI (14=EEP(-(P-6.0703**2p
P2 T ( I D =E K P (-( P- 7.J M4 l * *2 )
P 3 T t I ) =E XP( -( P-d .4 'e 3 3 * *2 )

51 C9NTINUE
1F(NCSu .FC. 1) GC TJ 20
IF(NCSW .Ev. di GO 10 24
IF(NCSu .EQ. J3 GG TO 22
IF(NCSe .EQs 4) GO TJ 13
IFENCSs .EO. 53 GO Tl 24
IF(NCSW .EP. IO) GJ TO 40

20 CONTINUE
Ce**** CL A D SWE. LING Fw04 LItf-1

DO 60 Ist.NE
TCsTCK(I.K
F F =4.0 2 3-13. 712 t -2 ) * TC ( I . O l e 's t - 4 ) * L i ce * 2 3 - 4 7. 4 ? YL -o ) * ( I C = * J 1 Jnutvab0

C S m e t t ) s t 4 5 E - 3 71 * ( ( ' L u 'e ( K B * T i g t , p e = 1. , p = F t
SO CONTINUE

CO TC 50
21 CONTINUE

Co**** 4NL MODEL 1
00 61 i=1.Nw
P t = ( F LU X ( K 3 * T I M E S ) * * l . S 1174

CS u s t ! )= ( n .2 0 0 7dC-3 J a *P l *P t I L I ) .P s t a )
61 C CN T I NU E

GO TC 50
22 CONTINUE

C***** ANL MOOCL 4
DG L2 I=1.H4
Ple(FLUE (K)* TIMES).el.AHr?3aNg CPP = (9.71574E *!)*Pt*Pli(I3%a

%J CStu(ItzCPP*PS({}
62 CONTINUE

GC TO 50
23 CUNTINUE

Co**** ANL MODEL 5
Ou 63 1=1.NE
Pl=(FLUE (Kl* TIMES)**I.6HF7$oc
CSum(t)=(9.71574L-et3*Pl*>2 Tit)*P3(1)

63 CONTINUE
GC TO 50

24 CONTINUE
Co**** ANL MODEL e

DG 64 Int.NW
P l = ( F LU X ( K l * T ! u f s l * * t .n 17 7 36 n

CS u s( I l= ( 9.7 t S 74 C- * I l * P l *> 3 Y ( I I *P at t )
64 CCNTINUE --

GO TO SO
40 CONTINUE _ _

J C****** CLAD Su MCDEL C434 WASHINGT h fit 's 0 J 3 J O
j DO 65 t=l.NE _._ m

TC = TCK ( t .K ) vaSowjeg u_ ;

;dJ T2=TCo*2 YH300360 - 1.

T3 = TC o * 3 vas00 530
T4=TC*** yH50ge J O

- a)i00*2U -TC2=-in.24156C-38'I2 Yd'0"**TC 3=( L . 3 7215E-6 8 8 T 3 ' a" 5
w

.j *~
TC4=(-6.14E-10l*ft v >0 0* o d

J C S uP =-8 8 + 5 4 99 * 0. 5 310 7/ * T C * T C 2 * T c 3 + T C 4 __.
)

cg p. EpPtC5Wp)*0.O!
CU)

-
-

..

j

L. -
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TC 2 =- 4 3. 8 t C 8 t E -4 ) * T 2 YHs00deo
TC 3 =( 5.S 8 9 79E- 7 ) * T 3 vie,o o$4 0
TC4 =-( 3.2649 t E-R O l * T4 Y H 3 0 0Sc2 J
CSuTa-16.FJ82+0 130532*TC+TC2+TC3+TC4 YH3s05do
CSuT=EXP(C5sT) fasuJoJO
CAL =-1.12+(6/R9E-3)*TC VH300020
P l = FFLux( K ) * T t ud S/ t t .t 2 2 8 YH20 o4 0
P2 m EXP ( C AL * ( C h u r -P I ) ) vHsvouug

P3=EXP(CAL *CSuf9 Yn200cdJe
P4=(t.+P23/(1.+P3) vH, cat 00
pe=ALOG(P4) fasuJ F2 J

65 CSuuttlaCStP8(Pt+P4/ CAL)
GO TO 50

50 CONTINUE
DO 9 lat.NR ' id J I 9 5 2 0

CSu(13mCSuutti-CSudit.nl
9 CSuB2(t.K)=CSuutt)

St=0.
DO 10 E=1.Nd
d 2 = CH ( 1. K ) * *2
GG=CSuttl*CH(1.Kl*COREI.El*0.>

A t= S t +GG
St=St+CSu(Il*CR(1.nl*CCatteni

S i t ( ! ) = uA 3 * A t /s;2

to $12(L)=(UAt/3.)*4t/42
SIRB=UA3*SI/82
512Js(UA!/3.)*58/32

518:5850+5128
DO t! Iat.hR hwuzv)JO

'd d2=CR(I.K8**2 04 J/ J J + J

og SuH2=CBD642*(1.+A2/P28*S89
CSuH(IlasuM2+Stit;)+S12(!)-CUAJuu.LSett)
CSuR(1)=-(SittI)+SiltII)+CJJNA2*(1.-A2/R/)*31s
C Su Z (I l ava5 *C0D0 A2 * s t 9-(CU A3Uve LSu t t ) )
CSTSH(I isCST5HtII+CS*Htt) DtJeotnJ
CSTSdt! )= CST SR ( t ) +C Sudt I ) J.cu2v200

UUt=(CR(1.Kl/(U2 l le t illi t l+$ 4J( t li
UU2=CdD9A2/2.*(CPEI.Kl/Atu+(Az/tvu)/Cwit.K))*38u

18 Uu(I5=ULl+UU2 3d v2 02O O
SABC= SIB
S= 0. ad320400

~

DO 102 tut.NR 0404Q420 '

S=S+CR(1.KS*CSu(I)*CDatt.K) adJ2 04 4 0 - e

102 SSuit8=5 DdJ2usuo
dETUdN JHUJ0800 '~~.--
END J-0/JM20 -1
SUOROUTINE READ ( C T4. D T I MEL . uv F L A . MP F C . L Id F C .F J u t . NJ L E . W C C . _ _)

1 F SQ L .F SQ2. IF SQ L . T F SJ2.NF S m . hCh u . F T ho u. SPF C. F sF C . SPd. T LL u st . t- ,

2 DCL.DFL.RECPEN.MSHJs T G4 4. TGGM . A VL V .F P Dt h.F F LU E )
CO MMON /F C B v/ AC 9( I S ) . dC 9( 15 ) , AF U( 15 ). uf d( IS ) . F T I Mt .F 1.t t T w e 1. fi t s u d t 0 0

1 RF 2.DP O . MF . M G , JF . M P a l N T . R y t .R v 2. MP VNC H . M uutt . Y C L H . T F L F . 4 6 8 StL>) V H-2 0 012 J )
2. WOLM.w 0LU. woL. AVET K. GA S. AC( 15) .bC( 15) . AF (15 ) .0F ( t S) .F L( A b l THS00140 '

CO MM ON /COMF C/ J. K . T E M E . O T I ME . F w ( 5 8 5 8.F Ow ( 5. 8 5 3. F S T SH( 5 ) . VHScoloJ $

1 FS T SR ( 5) .F S T S2 ( S ) .Cd ( 5. t S ) .C DR ( 5 1 S) .C S T bH ( S t .C S T Sw t 2 ) . vH300 nu
_ ,

2 CS T SZ ( 5 6.N Z .NR , mfd . 4 P. H A OLE F . M T L S T .FL U X ( 15 ) fM200200
,

7
-

COMMON /CONSTC/CA.Cd.A2.d2.BA2.UA1.CAA.CUU.CE.CP.CTF(S.15). YHauo220 , _- - J
t CU A t t 5 ) .CU8( 15 ) . TDC A . TDC B . A l v. 42U.U A2.UA 3.U2.u A5.U 7.bi d A2. YHS00240 + -

'

s.''6 2 CU A 3UU.C AD E A2.C8Dd A2 YHa002eo '

CO MMON / CON S TF /F A .F O, F A2 F J2.F U A2.F E . F P . F U2. F u A l . F U Ag . f v 4 J. YHSOOdd0 i
J ! FU A 5.FU A 6. F TF ( 5.15 ) . TDF A . TDF B.F ULO .F Ud ( 15) .F A A .F UU .F ui A2. fHS00J00 j

, ,_

L. 4 'I

's 1

i
__m



2 F6 A22.F8 S2 6.F U A 3 du .U I . U) ,F A Dd A2. F u GU A4. F Al u YHS00J20
CO MMON /F CR EPM /FC 3. F O T SH( 5 ) .F D T % ( d t .FD T 5 t( 5 ) .F S 1 ( 5 ) .F S2 ( S t . YH200340

1 F S 3(S t .FD$ TRH E S ) .F 05 TW4 ( S ) .F 05 Twi t o) .F SI SH1( 5 15 ) .F 5 f Sw d( 5.15) . YHSOO300
2 F S T SZ S ( 5. t S) . 5H d ( 5.15 ) SR U( 5 15 ) .Slu( 5.13 ) .PN( 5 ) . 5L ( 5 ) . 5H t d ) . YHS00360
3 SN(58.SZ(5).Fux YH500400

CO MMON/CCH EPM /C DT iH( 5 ) .C C T SW (5 ) .CD T Sl( 5 3.CD5 f dH( 5 8.C05Tw w( 5) . YH 5004 2 0
t COSTRZ8 5 ) . 514 5 3 52 4 5 9. S )(5 8 .CP 3.CS T5 Ho ( 5.t d ) .L S T 5 k H t 5.15 ) . YH500440
2 CS T SZ B (" .15 ) . S HC0( 5 15 ) . 54C d ( 5.15) .sZ CO( 5.15 ) .C N 15 ) . C 5t ( 5 ) . YHS00460
3 C5H(53.CSR(59.CSZ(5) YHS004 6 0

COMMON /CSu LM/C Se s( 5) .C S e t ( 5 9.C Sm t u ) .C aeH(5 ) .C Se w (5) . Cse t (5) . YHS00500
1 CU S u A( 15 3. Cu su B ( 15 ) .C T S s ( 5 3.CS ma( 5.15 ) YHs00520

CG MMON/MI X t /F DHE ( d ) .F DRE (d ) .F JZL ( b ) .F OCPU.UC P A( 15 ) .U CPb( 15 3. YH500540
1 PL ( 151.CU E A( R $ 9. CU51( ! S t .F udH( l' ) .cl0LL ( 15) .C U Ad ( 15) . CUbu t t S t . YH500500a
2 OL P A8( I S ) .HCPM 3( 15 ) . CU E 4 H ( 15 8. Cut d O( 15 ) .Cu se Aa( 15 3.CU se d 8( 15 ) . YHa00580
3 CTSuSE85).CSua2(5 15).8v.wF.PNo(5 15).FNTseta.tbl.C&1.Lw3. YHSooo00
4 T C E 3. T C W 3. T CP 3. C 3. F m 3. l F E . T F P . T F d . F C Plu ( 5.15 ) . F C Pd H ( 5. t u ) . YH300620
5 FCPHS( 5. t S ) .CCPHd( 5.15 9.CCPR e( 5 15 ) . CCPlut a .15 3.F 5e9 9h t t S t . YH500o40
6 FC PRS ( 8 5 ) .FUE H( 15 ) ,F UL 6 s ( 15 ) .F CWH t S ) .F Eh h( D B .F F W / ( a l .F CP / ( d e l d t YHSUOboO
F . F CPR ( 5.15 ). F CPH ( t .15 ) . C CPH 4 5.15 ) . CCP4 ( a .15 ) .C C P / 4 5 15 8 . YH500080
8 F S uu8( 4 5) .F CPe t t 5 ) .F T HH( 5 ) .F T RW(5 ) .F THl(L ) . C T HH i d ) .C T kb ( 5 ) . YHS00TJJ
9 CTRi(5).CERH(58.CEd7(5).CERl(5) YH500720

4 S . F P O. F DPO . F P I . f C P t .P F C ( 15 ) . U PF C . C PG . C d l . YHSo0F4 0COMMON / MIX 2/DPGA5.94
t F D $ u ud e FD S mH( S t .FD S e R ( 5 ) .F 0 $ e Z ( 5 ) .t OS m ( 5 15 8.C D P t . CDsu.C DC H F ( a l YH500FoJ
2 .C DCRE (5 3. COCZ E( 5) .0VE A .DUE U. T ot al .10C Ac . T OF u t . T DF de .LP t .JP2 . YHSQW160
3 FTsu(5.15) YH500100

DIMEN$ tun DOF C K ( 15 ) . MPFC ( t s ) .NNUL E (15 ) .F T s e u ( 5.15 8.w f LPt N( t u ) .
1 FFLum(153
READ 51. TINE.FTIME. ET.EIT . JF . MPH I N T . ht 1. g F 2. H V t . H V 2. p s VN C H .
I J.MSMP
WEAD 52. NR . N Z WF 4. d a . W P. W F . U PO . (Pu .C DP U . Pu A 5. C T 4. D i l di L

M NZisNZ-1
%J READ 55. NF Ss .NC Ss .C IPF C .F JM 4 .sPfC.FPFL.39G
@ WEAD 54 .W CC . F S J g F 5 C2. i F SQ t . T F 2G2. T CL Ud t . d> L . 0C L

WEAD 10. (dEOPEN(K).Kat.htti
Rt40 14.(OPFCK(K).K*t.Nll)
READ lle(PFC(Kl.Est hlt)
READ I J . ( M PF C ( K ) . K 21. N Z i l . ( N HO L C ( K ) . K 1. hl t )

WE AD 13.(ERES(K).K=1.N219
READ 6.(AF8(Kl.Kat.Nft)
READ 6.(BFB(K).Kx!.NZll
DEAD 6.(ACb(K).K=1. Nil
READ 6 (dCRipl.Kat.Nt)
READ 5. TFLB.TCLO.4VCV.FPJLN.TudM.Tuud
WL AD(5. F (PL(K).K=1.NZB
WEAD(5.6e (FLLM(Kl.Kut. Nil

READ 6.(FFLUX(K).Kut.NZ)
READ (5.7) ( ( F T F ( 1. K ) , t s t . MF W ) . K = l . NZ L )

kE AO( 5.41 ((CTF(8.K) lat.Nd).K=1.N2) DddO7300
RE AD(5.2 9 ((FSTSHR(I.Kl.IsleMFhl.K23.NZ1)
kEAD(5.23 ( ( F S T S d d ( 1. K l .1 = l e = 7).K=1. Nit)
REAO(5.23 ( ( F S T Sid ( 1. K ) . I = 8 - MF H ) . K = 1. Ni l )

'j REAC (5.2 )( (F NT S e t i .K l . I * t .MP 4 ) .K21.NZ l )
READ (5.29 ((FTSrs(t.Kl.Ist.MFW).Kat.Ng[) -- ,

I READ (5.23 ((FCPHd(3.Kl.1-1.MFH).K=1.NZl)
~

READ (5.23 ((FCPRd(I.Kle!=1.MFMB.K: 1.Nitt '

,~ g
READ (5.23 ( (F CPZa( 1. K ) . ! s t . MF R ) . K z .NZ4)

RE AD(5.4 3 ( ( C S T S H t3 ( 3 . K ) . I s t . N4 ) . K = s . N Z ) 04007440 {j
ME AD 4 5.4 3 ((CSTSWd(I.Kl.1=1.%4).K=1.NZ)
RE AD( 5.4 8 ((CSTSZd(1.Kl.tzt.NH).K=1.NZ) [

.j HEAD (5.3) ((CSud(1.K).131.NR).K:2.NZ)

J

~

-

fJ _ _ - _ _ -
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,



READ (5.39 (ICCPHB(t.Kl.Ial.Nd).K=1.N2)
READ (5.3) ((CCPHH(I.Klotal.N4).kal.NZ)
READ (5.33 ( ( CCPZ b( I .K l . l a 1.N4 ) .K = 1.NZ )
READ 45.63 (FSuuBO(K).Kat. Nit)
REAO(S.63 ( FCPBH4K).K=1.hll)
RFAO(S.6B ( FUEBR(K). mal.hlli
HEA0(S.63(CUEAU(K).Kut.NE)
RE AD (5.6)(CUE 8d(h).Eal.h2)
READ (5 68(CUA0(Kl.K=1.N28
HE AD( S.6 )( CUSS ( K B . K2 1.NZI
WE AD ( 5 6 ) ( LCi' A 8 ( K ) . K a t . N Z 3
RE AC ( 5. 6 B ( LCPB8 ( K ) .K = 1.N 2 )
RE AO( 5.6 ) ( CUSu AH t K ) . K = 1.hl)
RE AD( 5. 6 ) ( CUS m89 t K l . K = 1. h 2 )
REAO(5.6)(fuB8(Kl.K=1.N218

El F ORM AT 4 4F8. 8. 4 8. 8 5. 4F 5.2. J I S.12 3

52 FON M A T ( 6 8 2. 5E L 2.4.F 4. 8 )
55 FOR M AT ( 2 E S.F l o . 3.E 4 5. 4. 3F R J . 2 )
54 FONMAT(Elo.J.4F5 1. F10 4.2 Ell.4)
2 FORMAT (AERS.F)

3 FORMAT (6ElJ.7)
4 F OR M A T ( 6F R O . 2 )

5 FORMAT (2F40.2.2FS.3.2Flb.Pl
6 FORMAT 45E15.7)
7 FORMAT (SFtQ.2)
to FORMAT (13F4 1)
11 FORMAT (8 FRO.3)
32 FGHM A T( 2613 )
13 FONM AT ( 13F6 4 )

N 84 F OR M A T ( S F 10 5 )
00 HETURN Owau/duu
O END oduuT320

S UU R OUT I NE F -1R I TE ( F O T S ) Ow a 0 F o= 0
CO MM ON /COM F C/J .K . T l u t .Oi l ME .F H ( 5 1 al .F OH ( 5.15 ) . F S T SH ( 5 ) . vHs00100

t F S T SR ( S I . F S T S Z ( 5 ) . CR ( 5 15 ) . C DR ( 5. 4 5 ) . L S T ' H ( 51. C s T Sw ( 5 ) . vnauul10,

2 C S T S2 ( 5 3.N Z .NR . MF R . M A.6 A CLE C .M itS T .F Lu m ( I S ) VHsoozoo
COMuGN/ CON S T F /F A .F d. F A 2.F d2. FO A2.F t. F P 6 U2.F U A 1.F U A c .F UA 3. VHsuod60

1 FU AS .F U A6.F TF ( 5.13 3 . T OF A . T OF C. F DE H .F Ud( I s ) . f A A . F UU 6 det A 2. vHs00303
2 FB A 22.FdS d 6.F U A 3UU.U I . U 3.F AON A 2.F d Db A4.F A L U V Hivu l2 0

COMMON /F CW EPM / F C J. FJ T SH( 5 ) . F U T Sk ( 5 ) .F O T 54 4 5 ) .F S i t d ) . F >d t h) . vHauc340
1 F5 3( 5) .FD S TRH ( 5 8 .F OS T W4 ( 5 ) .F DS T Hl( 3 ) .F ST SHJ t 5.15 ) . F L T LW 14 5.15 9. va200300 'IS
2 FS T S Zo ( 5. S S ) . SH3 ( 5. 4 5 ) . SH9 6 5 15 B . 52b( 5 15 8 .PN( 5 ) .5t ( 5) . 5H t t ) . VH50vJoo C1'-
3 SRES).SZES).FMR YHauG OO -'- ,-q

r ,"C;)\CO MMON /MI n t /F DHE (5 ) .FORC (5 ) .F D ZE (5 ) .F DLPO.UC P A t l 5 ) .U LPhi l5 ) . TH2Oua40 (p
r -

~'
l R. ( I S B . CUE A ( 15 8. CU Ed t l 5 ) .F Udd( I n ) . dut E ( 15) . C U Ad ( 15 ) . C ubd ( 13 ) . Y.t s0 0 36 0

2 UC P A8( 15 ) .UCPS U( 15 ) . CUE A e( 15 ) . CU E u ti( 15 ) . LU 5s ad( 15 ) .C us m RH( 15 B . YndOO500 o '

3
(,

~S ' 'C?)i C T suG( 15 ) .C$u s 2( 5.15 8.OU. GF . PNu ( 5. 4 5 ) .F N T S e ( 5. 8 5 ) . Ct 3.c m 3. VHau0000
4 TC E 3. T CW 3. T CP3.C 3. F e 3. TF L. T F P. TF e.FCP4u t d e l d ) .F C Pw d 4 5. 8 5 ) . T H 3 0 06 d o
S FC PH8( S e t S) .CCPHU( 5 8 51. CCPR8( 5,4 5 ) .CLPlH( 5. 8 5 ) f s eu du( 1 $ 9. VHSUO640 i 1 -'s

-

t
6 FC P88( I S ) . FUE S( 15 ) .F UE 8a t l 5 ) .F ENH( 5 3 .F L H k( 5 ) .F t k l( 5) .F C Pi t a .13 ) Y Hsu Jem o 1- .. :)

pg'T m . ,7 .F CPR ( S .15 ) . F C PH t $ .15 9 . C CPH ( 5. 4 5 ) . CC Pi ( 5.15 3 . C C P I( 5.15 ) . Ye4 5 0 06 d o
8 FS uuS( IS) .FCPB( 15) .F TwH( b l .F TH W (5 ) .F T wl( 5 ) .L ikH t 5 ) .C T hk ( 5 ) . VH,00F00 -

1

9 CT A Z IS ) .CERH( 5 ).CE dd (5 ). CER Z 4 5 ) vnS00 7d o (, . j L;)
-

"COMMON /M i x2/DPG A S .PG AS .F PC. F DPO. F P I . F DP I .PF C ( 15 ) . DPF L .C PO. CP t . VH3OOT40 b' ~

1 FD Suu8.FD S sHt 5 ) .F D S W R( S I .FD 5 el( 5 3. FO Su t s . 8 5 3 . COP l . COPL . C DC H E ('a l VHS00760
2 .CCCR E 4 5 ) . CDC ZE 4 5 ) .0UE A. OJE d. T OC A 1. T OC A2.T DF d t . T cr ug .Dk t .DPd . YetS00 F 8 0 L ' ' _ _'' ,
3 FTSutS.153 VH500o00 -

l' LMOlMENSION FDTS(5) ''
mRITE(6.20) Dwdoel80

L' SF(K .GT. 13 GO TO 18 DHube200 i

(



PHINT IF. J.TEML.UTipf ow u 0 o2 2 0
18 CO N T IN UE D400d200

PRINT 19.K . 2U
mRITE(6.tO) OwawdJ20

PHINT 85. ( PN( t ) . I s l . wF 9 ) . ( SF ( I ) .1 :1.pt s )
PRINT 16. ( SH( t ) . l z t .Mra l,( sw ( g ) .g = g .Mrw ) (si t t ) . g s t .we u p
PwlNT 1. (F S Y SH( 1 ) . . = 1. wF W ) . ( F SI Sd ( ! ) .1 = l . Me d ) .

1 (F S T SZ ( t ) . t s t . uf R )
PWLNT 2. (FDTSH(4 ) . I s l . MF W ) . ( F D T d4 ( 13 1 = 1. mF 4 ) .

1 (FDTS (1).Isl.MFR)
PR IN T 4.( F OHE ( ! ) . l z t .wf H ) ( F owt ( ! ) .1 = 1. 7 w p

PWINT 5. (F Oss Ht t ). a = 1.Mf N ) . ( F OSoH ( 1) .1:1.Mt d )
PHINT 8. ( F THH( 1 ) . [ = 1. MF W ) . ( F T ww ( 13 .1 = 1. pt h ) . f r T 4 / t [ ) . l a g . pF w )

PWINT 7.(FEWH(!).l: 1. MF d ) . ( F E wH ( 4 ) .131. Mt k l . ( f t d i t t ) . l z t . M8 4)
PHINT 6 . ( F C D H t t . K ) . [ s t . ht N ) , ( F L P 4 ( [ . n ) . [ s t , W F d ) ,

1 ( F CPZ ( 8 . K l . l a t . MF w )
PR I N T 7. ( F C ST RH( 1 ) . l z t .M F4 ). (F D .YN w( 1 ) . l a t .Me s ) .

I ( FDST RZ( t ) .I s t .MF w)
PW I N T 51. ( F OSs ( 1 % ) . l s t .MF n) . (F N T 2 e ( 1. n ) . I = 1. MF k ) .

I (F T Ss( I . K ) . 5 m t .MF H )
PRINT 82. F CPH( K ) .F S e yd (K ) F yr u( n ) .Fuu( ;)
PwlNT 13. F OCPd. 50 5eud.F ut3. TuF a

1 FOHM AT (2 4. * F ST T H ' . 4 F J .1 .2x.'F 2T54 8.4F9.1 .ga.'FST3/ *.it 1.1 ) J
2 F CRM A T ( 2x. * FD T SH '.4F9.1 .2A.'.0TSH ' . 4 F s .1 .ZM.'FUT5 '.4F J.I i Jau0d420

.2a,'FDRL ,' . 4 5 v . 8 )4 FO R M AT ( 2 4. ' F Ot4E '.4r9.1 .2a.
5 FORMAT (21.'FD$uH '.4F9.1 .rg3,9 ,gr9,g ,fg

6 FOHMAT(2u.*FTCPM *. 4 E 3.2 .2 a . * F T C vd * 4L9.c .2A.*FICHI * ,

t 4E9.2 3
8 .4FQ.5 , J E , .y J g g . , , p 9 ,5 ,yg.ryg/ ...r,,s g7 F OH M A T ( 2 4. ' F T EM

8 FOwuAT(2E.*FT4H 8.4F9.5 .2m.*f Idv *.*tN.i ./x.*FTk/ '.e *.S 3

9 FORMAT (2x.*FDCPH ' 4E9.2 .2A.*thCPd *.=Lv.. ./A. '& K st ' .ir +.. I Jwournau
N 10 FOHMAT(* FLEL REu1CN'./) 3%sou340

' .*EJ.2 24.'FNTS= *.4LJ.e ..t.*> T5m'.4' 9.*)il FORMAT (2x.*FNDSs
12 F OR M A T ( 2 4. * F CP H ' . E l l .1 2 a . * F s = U H ' . t I I . l . 2 x . * * 's- 1 * . E 1 1. 3. 2 m .

t *FU8*. Ell.3)
13 FO RM AT i 2 x . *F OCos' . E 10. ?. 2 4. * F D Seu' .L I I . 3.2 5. * t at d' .e 11 3. f a .

t *TOFO*.lPERA.6./)
20 F O R M A T ( * - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * ) a d a o m o u u
15 FORMAT (2x.'PN *.org.I ,2g,.3 . 469.3 3

8 . 4 F J .1 .2A.*Sd *.etv.1 .24.'SZ * .4F9 1 )16 FORMAT (2x.'SH",
17 FOHMAT(* Ja'.15.* T I w k = * .F 10 2. * UTlue=' .rn.2) ut;gneau

, 19 FCkMAT(* K='el2.* HU L 2'.td.2./)
NE TURN Dwove?uo

' A LNO O .J0 0!20 (TD
SUHHOUTENE CudlTE(CJTS ) L <d Ob f * O ('~~-- ' /

CO MMON /COM F C / J .K . T i wE .J T I MF .F H ( a .15 ) . I Du ( 3.131. F S Y Qt ( t ) . Y e td O U l e2 O

l F S T SW ( S ) . F E T SZ (5 ) . C d ( 3. l S ) .C Dd i d.13) . C s T u t * i t . C S i sa t a ) . TH3001dJ
'

.j 2 CS T SZ 4 5 ) .NZ .NN . MF R - M P. e A CL E E .M T L 5 T .F Lu x ( l a 2 YHa002JJ
___ hCO MM ON /C O N S T C / C A . C a . A 2. 3 2. H A 2. U A I . L A A . C uu L E . r.' . L i f t 3.1 % ) . v43CUJ2J -

_, ()1 1 CU A( I S ) . CU 8 ( 15 ) . T D C A . T DC d . A l u. 4 20. u A 2. UA a. U 2.u A d. baei n u t:t A / . YetdOO2 4 0 '
$

.' ' 2 CU A 3UU.C ADe A2.COOd 42 YH500260 -

COMMON /CCREPM /CD T SHt S ) .C O T SR (5 ) .CO T S2 4 5 ) .Co lik1( 5 ) .Codiw h ( a ) . vH20042J c;
'

1 CO S T R Z (5 ) . SI ( S ) . 52 ( 2 ) . 5 3 ( d ) .Cd 3. C d I SHH t 5. i d ) .t 2 T wk H( 5.15 ) . VHSOo44 0 w- -

2 C S T S2 B ( 5. t S ) . SHC 9 4 5.14 ) . SdC o t a .15 ) .s z C d( 5 15 ) .C N ( 5 ) . C 5t ( 5 ) . VHsuoteo p-- 3

3 CSHtS).CSR(St.CSZ(5) TH3Owooo
-

_;i
.

t _ _
/

CO MMON/CSwLM/ C S a m( 5 ) .CS s !(5 ) .C5e id ) . Ca s H ( d ) . C 5e N ( 5 ) . C 5m 2 4 3 ) . YetdOJ500
t C U S U A( 15 ) .C US mH( 15 ) .C T S s ( 5 ) .c s so ( d .15 ) THs00d20

CO MMON/M i x t / FOME ( S ) . F OR E ( 5 ) , F ult s 5 ) . F OLP H.UC P A t l 5) .UCPi> ( 15 ) . VH200a* 0
~

q- - - -

Sj

2 UCPA8(IS).UCP80415).CULA0(IS).CUEdd(15).CUS*A9455).CuSene(15). vHs005s0 7j
---w /

1 PL ( 15 ) . CUE A t t S ) .CU t H ( 15 ) .F UOd( 15 7 . 3OL t ( 15 ) . CU 40 ( 15 ) . CL'N h ( 15 ) . vot200$oO ! m

; ---- ~~.m.
-

,

.
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3 C T S ea( I S ) . C $ s B2 t s . t 5 ) .su , GF . PN d ( 3,15 ) f N T S e ( 5. t S ) .CE 3.C e 3. YHa00bJO
A TC E 3.1 C u 3. T CP 3. C J . F s 3. T F E . T F P . T F e .F C PI O ( 5.13 3. F ( Pk d t g .15 ) , kHSJ0ugu
5 FCPMS(S tSt.CCPHd(5.a58.CCdad(S.15).CCPlo(9.158.7SeJm1( 15). Ha0Cb4 L
6 F CP88( 15 ) . FUE 8( 15 8 .F UE 8d il 5 ) .F EN H( 5 ) .F Ed h( 5 ) .F E 4 Z ( S ) .f C PI( 5. t a l H200 coo
F . F CPR E S .15 ) .F CPH t 5.15 8 .C C PH ( 5.15 ) . (C P4 ( 5 15 9 .C C P I( 5 15 ) . 95C0060
8 F S oue( 15 8. FCPH( 15 ) .F T HH ( S t .F Tk H ( b ) .F l ed l( S t . C T 4H ( 5 ) .C ikb ( 5 ) . 1500700
9 CTRZ(5).CEdHESI.CEW4(5).CERl(59 YHiOOF20

COMMON /u t x 2/DPG A S. PG A S .F PO. F DP O. F P t . F av i .PF C ( i g ) .O wF C . C P U.C P l . YHSU0740
2 F O S uu8.FD $ eHt S t .FD Se R ( 5 ) .FDS al( 5 ) . FOS m ( a . s 2 ) .C OH l .COPL .C Dt HE ( 5 ) YHS00FLO
2 .C DCRE ( S ) . CDC ZE ( S t .7 UE A . DuE U . T D( 41. Y Ot a2 . T 3F 01. f DF at .0 F 1,7v2 . YN200Fdu
3 FT$etS.tS) YH2001Jo
OIMENStDN COTS (St
IF (K .EG. NZ) GJ TO 2 0 4 )O v12 G
mRt1E(6.1) va J C v t 4 0
GO TO 4 7wandtso

2 PRINT a.K
mRITE(6 3) Temu a4 L

4 CONTINUE a dov v260
PRINT 10.(Chill.8=1.Nel.(CSE(I).1=1.Nh)
PWINT t l ( C SH ( t ) . ! E 1.NH l ( C S R( 1 ) . l a t .Nu ) , (ibl( I ) .1 = 1. NN I

PHINT 12. (C SV SH( I ) . I s t .Nw ) ( C ST Sw ( 18.1 = 1.NJ ) . t r s i s t i g 3. 3 : . Ns l

PHINT 13 .(CGTSH(II.t=1.NH).(COTSH(1).!zt.Nat.(CUI3 ( 13 . l e t . N6 i
PR I N T 14 ( CDCHZ(II.I=t.N49.(Cutkt(II.1=1.Nat

PRINT IS.(C$mHit). Int.N4).(Csaw(1).tzt.As)
PHINT to.(CTRHill.I:1.N4).(CINHill.I=t.Nd).(CT-l(II.8=t.Nsl
PhlNT I T . ( C E R H E I ) . I z t .N W I . ( C E dw ( I I . I s t . Nw ) . ( C L =l ( I I . l = 1. '.* )
PRINT 18. ( C CPH ( I . K ) . I = 1. N W I . ( C C PW ( 1. A ) . I = 4. N- 9. ( C C PI( i . A ) .1 : 1.N ~ )
PRINT 19.(CDSTHH(il.tet.NN).(CosTwh(II.1:1.Ndl.(LDSiwltil.1: 1.Nd)
PRINT 2 0. ( C 5 e e f t ) . 7 a l .Nd ) . (C S s ( ! ) .121.Nw )
PHINT 21. U CP A( K ) .U CJ d ( K ) . CU S e 4 ( A A . Cub e n ( R ) . F U+ 4 ( A ) .C ut h t ' 3 .

$ l CUA(K).CU8(K).TDCA
y & FCRMAT(* CLAODINw REGION'./) Jau0vloo

3 FGEMAT(' CLAODING(PLENU4 REuluN3*./) owc 0 J 'e o
S FORMAT (* Ks'.82./l owao4220
to FORMAT (24.*CN ' . 3F 9. 4 .1 1 E . 'C 5t * . JF d. t l

Il F CA M A T ( 2 M . * C SH * . 35 9. t .11 x . * L SW *.3F9.t.111 *CSI *.$ w.8)
12 F OR M A T ( 2 x . * C S T SH ' . 3F 9 1. l t X . ' C d I S4 '.3F- .b.111.'CSI 21 '.16J.li
83 FORMJT(24.*CDTSH '.3F9.e.!!E.*CDish * . 3F 9.4 11 A . * C s I S *.N 9.49
14 FOGMAT(2E.'CDHf 'e lF9.4.itM.*CDkE ' . 3 f > .4 )

IS FOwuAT(24.*COSuH * 3C12.4 2m.'Cadow *.JC42.4./)
le F Ch M A T ( 2 4 . ' C T H H 8 3t9.2.tlA.'LidM *.3Ev.2.Itz.*CTal * . Jf 4.JI
17 FORMAT (2X.*CTEM * 3r t t . 3.s u * C i t w * . J E l l . 3. 5 m . * C T F t *<Jt11.3)
18 FORMAT (2M.*CICPM ' . 30 B l . 3 . 5 m . * C T L Ph '.Jtt1.J.5A.'LTLPI '.3Et1.38 --

19 FOk M A T ( 2 K. * CDCPN *.JL11 3.24.*LOCPH *.JE!!.Jesx.*Cutst '*. 3F 1 1. 3 8 !
20 FOR M A T ( 2 K . ' C T S e' . 3E 11.1.6 E . * CDSe*.3Eto./l
21 F OR M AT ( 2 4. ' OCP A .uCP 8 * . 2E 9.2 .* USe4.uSeU*.2E9./ .* U 4. or ti' .

1 2E 9. 2 .' CLA. Cud'.2E9.2 . TOLA*.!PE13.o./l ,3*

at TUnlN JdJ10100 C'
END Dad 10.00 i-

I

SUBROUTINE FU8 cmp (FSRB.FS23.FS36.S!3 ) 3
CO MMON /CO M F C/J . K . i t 4 E . O T I ME .FW ( 5.15) .p Dw ( b .15 ) . F 3 T 5M ( $ 8 . YH.0gtog

#i F S T SR( S ) .F S T S l ( E l . Cd ( 5.15 ) .C DH ( b t a ) . ' 5 T SH ( 5 8. C S T SW ( a ) . YHS00ldu
2 CS T S2 ( $ 8.N Z .NW .Mt 4.49.H A CLE E .4 T L5 T .F Lu m ( 15 ) YmS*J20u ~T

CO M MON / CON S T F / F A . F B . F A 2. F H 2. F d a d . F E . F P . F U2. F U A 1. F 'J 4 2 .F U A 3. YMabO260 /

I FO A 5.F U A6.F TF ( S . t s ) . T DF A . T OF 8. F D E U .FUu( 15 5. F A A. F LU.* Jn A t . YH2GC3v0
2 FS A22.FSS 26.F UA JUU.J 1.0 3.F AOd42.F bDU A2.F At u YH5CJJ20

- r CO M MON /F CR EPM / FC 3, F O T S H( 2 ) . F O T S4 ( b l . F D T S / E S ) .f S l ( b l . F S2 ( % I . YH2OO3 a
,

,

1 F S 3( S) .F DS TWH( 5 ) .F O S T H 4 (5 ) .F OS T H 2 ( a l .F S T SHd ( 5 15 ) .F 5 T Sk w ( 5.15 3. YMSOOJbO ''

2 FSTSZS(5.55).SH045.15).SW3(5.45).52d(5 153.PN(53.St(5).5Ht23. YH2003no
_

3 SW(58.SZ(S).FMK YH S004 0 0m ,,
,

e

I$

)
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CO MM ON/M l a t /F OME t a l . F O WE ( 5 ) . F DI E( 5 ) . F OCPt .UC P A t 4 5 l .U CPe ( 15 8 . YHSou24J
l PL ( 15 ) . CU E A t l 5 ) . CU E d ( 15 ) F Udd( 15 ) . dul L ( 15 ) .C U A d ( 15 ) . C UH 4 ( 15 # . YH iOUso o
2 UC P A B( ! $ 3 c u CPUR ( 15 9 C U E A e ( I b l . CUE bd( 15 3.CU % e a d( 15 8.C U5 m d D ( 15 8. YH3C05e0
J CT s u B ( 15 ) . CSW D2 ( 5.13 ) .80.wF .PNd ( 5.15 ) .F N T 5 e ( 5 15 ) . C i j .C s 3. YHS00bJO
4 TC E 3. T C e 3. T C P3.C ' . F e l . T F E . T F P. T F e . F CPlb( 5.15 ) .F C Pdu t a.15 ) . YH5UOo2O
5 FC PH6( 5.15 ) .CC PHH( 5. l b ) .CC Pa d( 5 4 5 ) .C C PlU( 5. I 5 ) .* 5 eU JH ( 15 ) . YHa00640
6 F CPH S( 15 ) . FUE 8( 15 ) .F UE 13 ( 3 5 ) .F tM H( S) F E W H ( 5 ) ,r t H l( 5 5 F C PI( 5.15 ) YH2Cu660
7 .FCPR(5 85).FCPHt5.15).CCPH(5 15).CCPH(a.15).CCPl(5.15). YH500630
8 F S WUd t t :,3.FCP8( 15) .F T N1( 5 ) .V TW N ( 5) .F Twl( 5 ) .C TwH 4 5 ) .C Thk ( 5 3. YH500100
9 CT Wl(5) . CE RHt S) .CE W4 (5 ). CER2 (5 ) YH300 72 0

Co m40N/4 8 m 2/DPG A S.PG AS .F PU.F CPd.FP l .F Dp l .PF ((l % ) .UPF C .C TO.CP I . Yr4500 Fo o
( FOS uud .FO $ sH( 5 ) . FD 5 e R( 5) .FD 5 el t a) .FJ S e( 5 l u) .COPI .Cv PL . L DC H E ( 3 ) YH500Tbu
2 .C DC4E ( 5 ) . C DC ZE ( 5 ) . 0U L A . 0JE d . T DC 41. T DC A2. T DF H l . T OF 42.D P l .Dvi . VH500740
3 FT$r(5.15) YH5064JO

Co****** PhiSSURE EFFECTS
FDSa FOPL
F DO m FDPO
FUlsule(FOR -FOO 3
F u5 s> OO *FH/2./F48U
FUJaujo(FOI -FDO 3

FOE 8aFUL-Fuh*FUJ
F UE 8 t K I sF UE e8( K l + F O d d

s****** CREEP EFFECTS
FCCHTsFUAl/F8A2
F SidsF S t B8FCORT
FS 28sF S28eFCOR T
F% 38 sF S 3de 2.*F UU
UF 1 sF 8 8 ( F S 18 + F S2 6 9 /F U2
UF F 2sF 82 /2./F 842 1dC15**v
UF F g a F B / ( F A & # F UU ) * W 4 ? / i F Uu * F d ) J4dl5400

N UF 2 3 UF F 2 * UF F l * ( F S l H + F 5 7 J -F 5 3 0 )
00 FDCP830Fl+UF2
' FCP8(K)sFCPEU(K)*FOCPB

Co****** SWELLING EFFFCTS
UA26mFA2/ FLU /F8

F OS tuds ( F 8 e Si d/FU2 tF J A2 2 * (F 6/F A 10+U A2 U ) *5 Id)
FSeU8(KisFSoudH(Kl+FJSeU4

TOF O sF O E 8 + F OCP8 e F O S * Ud -> P *F C 3 * ( F H-F A )/ F E
FUR (K)sFUB8(K)+TCF9
dETURN 040155u0
END JdJ15560

SLeROUTINE FPE ( F G VP7,JPF C K m PF C )
Co uM DN /CJ4 F C / J .% . T t e F . O T i dE .F H ( a .15 ) .F OH ( 5.15 6. F S T ie ( 5 ) . YHS00400

1 F S T SR ( 5 ) . F S T S 2 ( 5 ) . C N ( 5 15 ) . C DW ( 5.15 ) . C 5 T 5H t 5 ) . C S I SH ( 5 ) . YH500180
2 C 5 T S2 ( S D .N Z .N J . MF N . u p . 84 CLE L .u T L s T .F LU A t l 5 ) YH500200

~~CumuGN/ CON STF /F A .F d.F n2.F d2.F d A 4.F E.F P.F U2.F U A l .F U42.F UA 3. TH500280,s

* I F U A S .F U A 6.F TF ( 5. t S ) . i DF A. T OF u. F Dt d F U U ( 8 5 ) . F 4 4. F UU.F HE A ' . YHS00300
J J f u A22. Fad 2 6.F U A 3UU.u t . UJ .F AddA 2. FUGO A 2.F A1 U Y t150 0 J 2 0

CO MMON/HI K l / F OHE (5 ) . F OR E ( 5 ) . F ult ( 5 ) . F OCP U. uC P 4( . 5 9 .UCi b i l 5 ) . YH500540,

N J l PL ( 15 3 . CUC A ( 15 8 . CUED t l 5 9 .F URH( 13 ) .dULE ( 15 ) .C U Ad ( 15 8. Cv(id ( 15 8. YHS005c0 _ __

2 UCPAB(159.UCPHG(15). CUE 48(158.Cuiud(15).CU5eAH(85).CUSedb(15). YHSOO563
' y3 C T S uB( 15 ) . C Ss B2 ( 5.15 ) . du . GF . PNd ( 5.15 ) . F N T 5 s ( 5.15 8. Cd J.L w 3. YHb00600

4 TC E J.TC W 3. TCP 3 eC J.F e 3. TF L . TF P. TF W.FCPZO ( 5 15 3.F( ' h 8 ( 5.13 ) . YH500640
5 FCPHB(5.IS).CCPH8(5.15).CCPWB(5.15).CCPlu(5.15). SaudH(153. YHS00640r' 'l 6 FC P88( 15 ) . FUE B ( 15 6 . F UE dd ( 15 ) .F t NH( 5 ) . F Cd H( 5 ) .F E W / ( S t . F CPI ( 5.13 ) YHS00060

J 7 .F CPR ( 5 15 ) .F CPH ( 5.15 ) .CCPH ( 5.15 ) .CC PH t 5.15 ) .CC P2 ( 5.15) . YH500680
'8 F S uuB( 15 ) . F CP 8( l 5 ) .F T 4 H( 5 ) . F TH H ( 3 ) .F T 4 4 ( 5) .C TNH ( 5 ) .C TRh ( S t . YH500700I' 9 CTRL (5).CEGH(SI.CEdd(58.CERl(5) YHS0072L

COMMON /M i x 2/0PG A S. PG A S .F PO.F DP O .F P t .F DP I .PF C ( 15 ) . OPF C .CPO. CP l . YH300F40
1 F O S oud .F C S u M ( 5 ) .F D S W R ( 5 ) . F O S u g ( 5 ) . FD S s ( 5. I S ) . C D P I . CD PC . C DCH E ( 5 ) YHS00760

. .. -->

,

*% Mm



2 .C DCRE (5 ) . CDC 2 E ( 5 ) . 0 VE A . OUC H . T DC A f . TOC A2. T DF u l . T DF U2.0 Fl .DP2. V H 30 0 to o3 FTSu(5.85) YH50us00DIMENSION FGvP2(5. lie.DPFCK(15).M)FC(IS)
IF(BOLE (K).EQ. 2.) GO TO a00

A03 FPCaPGAS Osul2/20FPl=PGAS DwGl4740FDPOaDPGAS od d l e 7 t,0
FDPlaOPGAS 04012160
GO TO A05 Owul.100400 CONTINUE dw34tdJO
IF ( TIME .EG. OTIME .ANO. WP .E u . 1) GD T u 402 Dav 1204 u
I F ( KPF C ( K ) . F. Q . 8 .AND. MP.Eu.8) PFC(K):PGAS
IF(MPFC(K) . Q. l .AND. MP.Ld.1) JPF C K ( n ) :OPuAS

IFEMP .EG. 1) PFC ( K 3 2 Pf C ( n l + 0 PF C K ( K )
FP0sPFC(K) owdicv00
FPlaPGAS OHul2J.0

F DPO = DP F C K t K )
F DP l a OP G A 5 swi>l 29t 0
GO TO A01 JwuldJoo

A02 PF4tElmPGAS JwulJ0do
PPPCK(KpaPGAS
DPFCaPGAS Dwo ! 310 3

GO TO A03
A01 CO N T I NUE DNJIJ120

FDIs FDpt
F OO s FDPO
DO *23 lal.MFH Os u l 18 4 0
R2 aF H i l . K ) * 0 2 Odu!JIoo

B R 2= F S 2 /R 2 OdJIJino
. AR2mFA2/R2 Dwol3200

FDHEl ( l a(F ADB A2 3*(1.+BW2)oFDR -( FdD J A2 )=41.+Awd)=tDL Pwdl
FORE (llatFADBA2 ) * ( 1. -BR 2 ) * F D I -( F O Or$ A2 ) * ( 1. - A H 4 ) * f 0 G#' 523 FDZi(Ila(2. eFP/FdA238(FA2eFDI -Fdd*Fud )
DC 666 Isl.MFR 94alJnJO - - -
FSTSH(ItaF575H(IleFDHE(1) ( c rCT JF S T SH t ! ) =F S T SR ( ! ) * F OR E ( I l s- -'

666 CO N T I N UE Dwo83740 -

RETURN odulJtoo !- _-

END vHo!J7oO [' L__- C
5:6 ROUTINE CGP(DOFCK ) 'u d

I.
-

COMMON /COM F C/ J .K . T I M E .O T I ME .FW ( d.15 8 . F UN ( 5.15 ) . F S i bH ( 5 ) . --

1 FSTSRESS.FSTS2(5).C4(5.lb).CD445.15).C5TSH(5).CSTS4(5). d ( m
2 CS T S2 4 5 ) .NZ .NH .MF R . MP. 9 4 0L E E .M i t 51.f lu u ( l a l ( j u__t

(-COMMON / CON ST C/C A 08. A1.d 2. B A 2. U A R . CA A . CUU. C f .CP .L TF ( 3 15 ) . YH300220 ~, %
1 CUA(15)eCUe(15).TDCA.fDC8.Alb.A2U.UA2.UAJ.Ud.U45.uau.N2 HAP. YHSOO440 F_T' _ TC )

C_ .,',- -'2 CU A 3OU .C ADE A2.C003 A 2 YH200260 -

CO MMON /MI K l /FDHE(5 ) . FDRE (S t F D Z F ( 5 ) .F DCP H.UF P A( 15 ) .U LPU( 15 ) . YHa0C54 0
1 PL ( 15) .CUC A( 15 8. CUED ( 15 3 .F Uue { l5 ) .UULL ( 15 ) . C U AH( ! b l . CUUH ( 1) 3. YH500560 l'

^'
D'

2 UCP A5( 15 ) .UCPBb( 8 5 9. CUE A 6( 15 ) . CUEu d( 15 ) . CU S s Ad ( I S ) .L US m4 Hi l % ) . YHS005do
" s~~J

3 CTSwS(15).CSWH2(5.859.80.GF . PN d ( b e l 5 ) . F Ni s t ( 5. 8 5 3. C C J . L e 3. YHSOCOOO l ~~

A TCE3. TCu 3. TCP 3.C 3.F w 3. TF E . TF P. TF u.FCP ZO( 5. 8 5 ) .F CPwd( 5. * 5 ) . YH500020 <- /
'5 FCPHS(5.85).CCPH843.15).CCPHS(5.15),CCPZU(5 35).FdeuHU(!bl. YH50uo4 0 - "6 FCPB8( 15 ) . FUE B( 15 3 . F UE Od ( 15 ) .F E4H( 5 ) .F EN H( S t . F F H 4 ( 2 ) F(s t ( 5.15 ) YHSUG600 !m

7 .F C PW 4 5 15 5. F CPH 4 5.15 5.C CPH i b.15 3 . CC PR ( 5.15 ) .C C P z ( 5.15 ) . YHSUO660 l)
8 FS uuS( 15) .FCP8(15 ) .F THH( 5 ) .F TRH(S ) .F TPl( b) .C THH( 5 ) .C mk ( 5) . YHS00700
9 CT RZ 4 5 ) .CE RH( 5 ) .CE RW ( S ) . CE W J (5 ) YHh00720

COMMON /4 t M 2 /DPG A S.PG AS .F PO.F DPG. FP l . F DPl .PF C ( 1% ) , DPF C .C PG .C P l . YHh00Two
1 FD SWUS.FDS uM( 5 8.F D Sw R( 5 ) .F DS ul( 5 ) .FDS W ( 5. 8 5 ) . CDP I . CDPL.C DCHt ( 5 ) YHS00160
2 .C DCRE ( S p . CDC EE ( 5 ) .D UE A . DUE B .T DC A l . T DC A2 . T OF Hl . T DF dd .UPl .DP2 . YHS00700
J FTSu(5 45) YHS008u0
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DIMENSION DPFCK(159
1F(K .EQ. N2) GO TU 30 uwuill2O

IF ( 60LE( K ) .E Q. 2.3 Go TO 400 OHtJ e l l e o
50 CPlaPGAS g<u;1160

C DP I = DP G A S >wa21130
GO TO 401 3auc1200

400 CONTINUE adu21220
IF(TIME .EC. OTIME .AND. 4P .L J . 1) uw TL 4Ji D80i t t4 U
CPI PF C ( 8C D OduiId60

CCPI=DPFCK(K) Owus12dG
GO TO 401 awD21300

402 CP!=PGAS O-( J e & J 2 u
CDPt=PGAS osa2 R 54 0

401 CONTINUE 34U13300
CDI= CDPI
CDUs COP 3
DO 1 50 tal.NR
R2sCH(a ,**2 D40215GD
BH 2 a 82 / 34023520
AM2sA2/6 >w321540

C DC HE ( I l a a 2 * ( 1. + % 2 l * C O I -CuOUA2*(1.+Ad?l*CDO
COCR E ( I 3 % A DB A2 * ( 1. '!w 2 ) *C O I - C dott A 2 * ( 1. - A m 2 3 * C D G

130 CDCZEtt)=2.*CP*(A2* Col -02*CCC 3/dA2
DO FF gal.hu JHU41d20
CSTSHt!)=CSTSH(I l*CDCHE(I) Jw]/td%o
CSTSR(I)=CSTSR(I )*CDCREEED ua;219eo

77 CONTINUE @<U21900
RETudN Dwu21320
END Odoc19*0
5U6 ROUTINE C B C W L ( U4 J F A . DU F O . 51.1 5.tt . S .lH . 51 OL )

PO CO MMON / CON F C / J.K . T I W E .D T I ME .F W ( $ .15 ) . F uw (d . I S ) . F iT SN( 5 ) . YddOV160
@ 1 FS T SR ( 5 ) . F S T Sl( 5 3. CH ( 5.15 3 .C UM i u. I S ) . C S T SH (5 ) . C S T SR ( 5 ) . Y ri a 0 016 0
b" 2 CS T SZ( 5 ) . N Z .NH . MF 4. 4 P. H AUL F L .M T C S T ,F L U X ( 15 ) YHSOO400

CU MMON / CON S T C /C A, C H . A2.is 2. l A > . U Al . C A A .0 0U. ( t . CP 01 F ( 5.1 i ) . YHSOU220
1 CU A t 15 5. CU H( 15 8. TOC 4. T DC d . A l u. A2u. uA 2.UA J.U2.U A 5.u Ao .% es A2. YnM02a.0
2 CU A 3UU . C AD e A 2. CtID J A2 YH5CO2ov

CO MMON/CC RtPM /CD I SH( 5 ) .C O T SH 4 2 ) .CO TSl(5 ) .C OR T NH i5 9.0L I Wh (5 ) . Y H5004 'O
1 CO S T R Z ( 3 3 51 ( 5 ) . S2 ( 5 3. 53 ( 5 ) . CP J . C 5 i SHu t 5 15 ) .C 5 I 5>. ts t 5 15 ) . YHsca *O
2 CS T SZR ( 5. 5 5 3 .SHCO { 3. | 5 ) . SHC td (5 15 ) .5 /(U( 5.1 y ) .C N ( 5 ) . CSF ( 5 ) . YH500460
J CSH(m).CSH(5).CSZ(5) YMS004c0

COMMON /CSwLM/C5m e t 5 ) .C 5e 1( n B .C ,e ( b ) .C S=H ( d ) .C Se% ( 5 ) .C 5m / ( 5) . YHsu0500
1 CU S s A E 15 ) .C US mB( 15 ) . C T s e (31.La m o(d .15 ) YHS00520

COMMON /4 I X 1/F OHE ( 5 ) . F ORE ( 3 ) .Fult ( 5 ) .F O C;'y.UC P A( 15 ) .UCPU ( l 5 ) . THSOUusC
I 61 ( 15 ) . CU E A ( 15 ) . CU LH t 15 ) .F UUc ( l'a ) . UJLt,.( ! a l . C U Ats ( 15 ) . LVbd ( l b 3 . YHS003bb
2 UC P A H ( 15 ) . LCPH0( l 5 ) .C LE 4 ts( 12 ) .( Ut u d( 15 ) . CU Sm At)( 15 ) .C US m oH ( l a 3. YH5005d0

d 3 C T S e a l 15 ) . C S u b? ( 5. I 3 3 . UU . wF . PN tt g 2.14 ) . F N T S m ( 5. I 5 ) . CL 3.C m a . VH500600
4 TC E 3. TC w 3. T CP 3.C 3.F e 3. TF E .TF P. TF s. FCPZ u( 5 15 ) .F CPHH ( 5. l b l . YHS00020

j
5 FC PHd t 5.15 ) .CCPHd t a.15 ) . CCPdd( 5.15 ) .CC Pl u( 5.15 ) . F S ed du t 15 ) . YH300040

J 6 FCP6'S t 15 3. FUF B( l 5 3 . F'Ut *31 t 15 ) .F tH H( 5 3 .F LM H( 5 I .F t Hl 4 d ) o f CPI ( 5 15 ) YHa00060 /
' '

7 .F C P4 ( 5 15 8 .F CPH ( 5.15 ) .C CPH ( 5.15 ) . CC PR ( 5 151. CC 68Z(5.15). YH5006SO ('
.

8 FS mV B( 15 ) .F CPH( 15 ) .F T 4H( 5 ) .F TH H ( 5 ) .F TH 2 ( 5 6 .C T wH ( 5 ) .C T Hw ( S t . YHsOO700
~

9 C T H Z (5 ) . CE kH (5 3. CE 4 4 (5 ) . CLR 2 (5 ) YH500720 !
_

CO MMON /M I E 2 /DPG A S. PG A S .F P0. F DPO .F P I .F DP I PF C ( 15 p . DPF C . CPL . CP I . YHS00740 r7
'l 1 FOSuuB.FDS eH( 5 ) .FOSed( 5 8.F05 eZ ( d) .FD$u ( 5.15) .CDPl .CDPO. COCHL (5 ) YHSCOT60 '~';D'
j 2 .C DCRE ( S t . CDC 2 E ( S t .DUC A. DUF 0.T D(. A l .T DL A2.T DF til . T Dt d2.DPl .lM*2. YHS00700 I . ._ 'J

r ,
3 FTSu(5.15) YHS00000 --

3
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_

'.DGauAl/a2 04J18720 m <
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OI3=DG*S28
OIA=(2.*CUUl*S38
UF l =C8 * ( 012 6013 9 / ( 2. * CUU ) gaulosoo
UF F i sC S/( C A A +CUU ) + ( A 2/ ( C d* COU A ) OHJa od2 0UF F 2 =( 82 / ( 82- A2 9 3 / 2. UdO1MdA0
UF 2 = UF F l * UFF 2 * ( 012 + D I 3 - D I A I JHutdsnoDU F 8 = UF l +UF 2 . OwoneeuoDGPl=1./(CAA+CUU) Dag g e s. g
DGP2=1./CUU Daulud6u
DU F A=C A* 82 * ( OGo t +U GP 2 ) * ( D t ? + 0! J-o t A l / ( 2. *8 A 2. Uwonee60UCPAEK)= DUFA+UCPAd(K) Dwulv0A0UCP8tK5= D uF D + UC '' L3 ( K ) Ddut90a0Co**** SWELLING EFFECTS
DUSWA=(CSOEA2*CA/2.)*(1./Atuel./CUUl*dIBL
DU Swa= ( C8 /U2 ) * SI BC + ( CBD 3 A 2/ 2. ) = ( CU / A I U+ A2 /CVU/C o l a s t ut

CUSWA(K)= +0USuA*CUSWAd(K3 JdG20o00
CusuB(K3= +CUsud+CUse6H(K) Owulo420Cve*** PRESSURE EFFECYS

col = CDPI
C DO = CDPO
PP(=42*(Col -CDO 3/2./342/(CAA+LUU3
PP2=CD0 /2./(CAA+CGUI
PP 3 = 4 2 * S 2 * ( C D I -COO D/dA2/2./CUU
DUE A= ( Pp t -PP2 ) *C A + PP 3/C A

DUE8=(PPi-PP25*C6+PP3/CH
CUEA(K)= CUEA+ Cut 44(K) JHu t a d6 u
CU E S ( K ) = CUES + CUE 8d(K) DwoGAdou
T DC A =O UF A + CU S a A * DU E A

bJ T DC H=DUF8 +JL S mO +O UC d-C P *C P 1* ( CO-( 4 ) /C E00 CUAEK)=CUAe(K)+TDCA@ CUBfK)=CU80(Kl+TDCd
HETURN OHu l V12 0

E ND JH G i -d t e o
S ub H OU T I NE PARCI( 'FCK.MPFC )

COMMON / CON F C/ J . K . f ! M E .D T I ME .F w ( d .12 3 .F Od t u .15 8 . F S Y SH ( * ) . YHs00too
1 F S T S4( 5 ) . F ST S Z ( S t . Cd ( 5. I S ) . C DH ( a . t S ) . C SI LH t 5 ) . C SI SH ( b l . .H300190
2 C S T SZ E 5 5.N Z .NR . 4F h MP . R A CLE E .M T t S T .F LU X ( 15 ) Y Hs002 0 0

COMMON / CON S T C/C A . C U. A 2. 0 2.u A 2. U A l . CA A. CUU. C F .CP .C TF ( d .15 ) . YH300220
I CU A t l5 ) . CUB ( I S ) . TDC A . T DC e . A1 U. A20.U A2.U A J. U2.U AS.U Ab .02H A/. YH5UO240 -' , _ ,}
2 CUAJUU.CADBa2.C8CaA2 YHS00200

'~
,

6
-

CO MMON/C ON S TF /F A .F O . F A 2 F 92. F d A 2.F C . FP .F U2. F U 41. F U A 2.F O A 3. YH300230
1 FU AS.FU A6.F TF ( 5. lb ) . 7Dr 4. TDF d F Dtu F UM( 15 8. F A A. F UU.F"M A 7. fMSOO300 '

,

2 F B A 22. F002 6. F U A JUU. U I . U 1.F 4 0d A 2,F b)H A d .F A I U THSDd320 Cl - CJ
CO MMON/ Mi k 2/DPGA S .PG AS . FPJ. F CPd. FP l .F DP l .PF L ( 15 ) . JPF C . CPU .c a l . YHS007AO

1 FO S s US .F D S 6Ht 5 ) .F D S uR( S ) .F OS u 2 ( 5 8 . FOS = ( d . I b l C DP I . CD PL.C DC H d ( 3 ) YHS00760 E _
L -

m
2 .C DCRE ( S B . COCIE ( 5 9.30E A. DUE B . T DC A 1. T OC A 2. T O"- . . T OF H/ 0 01.DP/ . YHS007do 3 ~)>

3 FTSa(5.15) YHS00000 ,

DIMENSION DPFCKt!S).MPFC(153 < ~3DPFC=OPFCKtKB
-' )2

IF ( MP .NE. 1) GO TO 993 JdO22200
PFC ( K 5 = PF C ( K B -OPF C

-~' }OPl=DPFC ,

p t = DP I 0d022260 ( ^

,-~)IF(TIME .EG. OTIMtl DPl=PGAS OHu242A0 '

TDC A T= ( TDC A + T DF8 9/2. OdO22260 1

DD PzDP l a ( T CC A T - T DC a l / T DC A DdO22JJO i .,DP2 = DP l + DOp Jwa22320 ;c-
sJ DPFC=DP2 ONU22J40 i'}PF C ( K l = PFC ( K l + D P2

IF ('INE .EQ. OTEME) PFC(K)=DP2 OHO 22360
l4

(-1
( :

-

%e



MP=MP+B DH022400
IF(MPFC(KI .EQ. 2) GO TO '39 4
MPF CI K 3 a MPF C ( K 3 + 1

99A CONTINUE
TDCAl=TDCA DHU22420
TDF81=TDFB DwO22440
GC TO 999 04122460

903 PF C(K a s PF C (K )-DPF C DMU22400
TD Cl.2= TDC A DHud2300
TDFB2=TDFB DH022520
DP2=DPFC DdO22500
AP = ( TDC A 2- IDC A 1 ) /( TDFu 2- TOF 01 ) DHO22ndo
bP=YDCA2-APeTOF92 D4022000
V0=8P/(1.-AP) DH022020
x0=YO DH0e2640
AL2=(RO-TDF823482+(f0-TOCA2)**2 DRO22 BOO
PL 2 = pt 2 e 4 0,,5 DHO22660
#12 = ( T DF 81 - T DF 8 2 ) * *2 + ( TOF A l- TDC A 2 ) = * 2 DHO22700
P12=pl2e*0.5 Dwo22720
AL P sP 12 /PL 2 DHO22740
IF(TOFSI .GT. TDCAR .aND. TDF02 .GT. TDLA23 GU TO 10 DHU22760
IF ( TDF 81 .LT. TDCAI .AND. TDFd2 .L T . TDCA2) Gb TO 13 DHIJ22foO
OP F C =DP2 + ( 0P 1-092 ) / ALP DHud2600
GO TO E6 DH022820

10 IF(OP2 .LT. DPil GC TO ll DHO22640
DP F C= DP 2 * ( CP 2-Op i l / A L P 3HO22660
GO TO 16 DH022880

N 1l DPF C=DP2 e( DP I-DP2 ) /A L P 04U22J0O
CO GO TO 16 04022920
N 83 IF ( DP2 .LT. Opl) GO TO 14 0H022940

DPFC=DP2*(DPI-DP2)/ ALP DH0e2960
GO TO to OHO 229eo

14 DPFC=DP2*(CP2-DPil/ ALP DHu2J000
46 CONTINUE JHO2J020

DPl=DP2 DRO2 J 04 0
PF C ( K ) =PFC (K 3 + DPF C JH02J000

- - - TDCal=TOCA2 DHJ23080
TOF81=TOF82 DHO2JROO

i' - - ' MP=MP+1 DMU238to-

DHJ2J200999 CONTINUE,

DPFCK(K)=DFFC,_,
- cg ! RE TURN 04023/20

| ./ END DHu2J240
SUUROUTINE PUNCH ( C T H .D I I MEL . DPF CK . MPF C. C IPF C . F J M K .NB OLL . HC C .

- ,- - 1 F S Q t F S32. TF SQ l . TF SJ2. NF S s - NC Su .F T S ud . SPFC .F PF C . SP C. ) CLOSE .3

J 2 O CL.DFL. R E OPE N.M SHo . T GH M. T GGM . A VC W. FPDC N.F F LU E I
CO MM ON /F C B W/ AC 8( 15 ) . 6 C B ( 15 3 . AF B( I b l BFH( 15 9. F T I ME . E T . L I T . Ro l . YHS00!OO

'd .j i RF 2. OPO . M F . MG. JF . MPH I N T . H W I .H W 2.MP UNC H . MuuLE . T C L b . T F L D . R HLS ( 15 ) THS00820
2. VO L M.V OL U. WCL . AVE T K . G A S . AC ( 15 ) .8 L ( 15 ) . AF ( 15 3. BF ( 15 ), FL ( I S ) YHS0014

I COMMON /CONFC/ J.K. T E ME .O T E ME .F H(5 el 5) .F OR (5 15 3. F ST SH t 5 ) . YHS00500
r j i FS T Sst ( 5 ) . F S T S2 4 5 ) . CR ( 5.15 ) . CDH ( 5. I S ) . C S T SH ( b l .C S T SH ( 5 ) . YHS001do

. - - - 2 C S T S2 ( 5 ) .NE .NH .MFR , M P . S ACLE E . M T( S T . FLU K ( lb ) YH500200'

COMMON /CONSTC/CA.Cu.42.42.RA2.Utt.CAA.CUU.CL.CP.CTF(5.lS). YHSOO220
1 CU A( 15 3. Cu e( 15 5. T DC A. T DC d. A l u. A2U. UA 2.UA 3.U2.U A S .U Ab.820 A 2. YHS00240
2 CU A 3UU.C AC 6 A2.C8Dd A2 YHS002bo

r- --- - CO MMON/ COP STF/F A.F 3. F A2.F92.F U A2.F t.. F P.F U2.F U Al .F U A2.t uAJ . YH500260i 1
1 FU AS.F U A6 .F T F ( 5. 4 5 3. T DF A . IDF H. F DLH .F U d ( l dl . F A A. F UU.F 6H A2. YHSOO300
2 FU A 22. F88 2 6.F LA 3 uu .U I .U 3.F A DdA 2.F6 0B A2.F AI U YMS00320

C COMMON /F CH EPM / FC3. FD T S H( 5 9.F DT SH ( 5 ) . F D T 5 2( 5 9 .F S I ( 5 8. F S2 ( 5 9 . YHS00340

t FS3( 5 ) .F C S TRH t S ) .F DS TRH I S ) .F DS TH2 ( 5 ) .F Si bH3( 5 8 5 ) .FS TSkH ( 5 15 ) . YMS00J60
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_

2 FS T S 2 B( 0. t ") . SH8( 5.15 ) . SH3( 5. t d) .52O( b.15) .P N( S ) . Sc ( S t . sH t 5 ) . YH100Jdo
3 SR ( 5 ) . 5 2 ( 5 ) . F M X YHS00400

CO M MON /CCR EPM /CD T SHt S ) .C O T SR (5 ) .CD T S Z ( 5 ) .C DS T HH i d ) .C DSi s w ( 5 9 . YH300420
1 CD S T R 2 (5 ) . 51 ( 5 ) . 52 4 5 ) . 5 ) ( S t . CP 3. C S T SHd ( d e l d ) .C S T Sk U 4 5.15 ) . YHSu04 0
2 CSTSZ8(5.tS).SHCU45 15).SWC8(b.85).52Cu(5 15).CN(5).CSE(5). YHs00460
3 C5Ht5).CSR(5).CS2(5) vHS004do

COMMON /CSuLM/CSu m( SI .CSu I(5 ) .C 5E (5 ) .CS uH t 5 ) .C 5u 4 4 5 8.C%s t ( 5) . TH s o v5 0 0
1 CU SuA( 15 ) .CU$hS( 15 ) .C T S u ( 5 ) . CS uu ( 5.15 ) YHbOOd2 0

COMMON /4 I X 1/FDHE ( 5 ) . FDR t (5 ) .F D 2L ( 5 ) .F OCPH.UC P A( 15 ) .UC Pu( 1,3 . vHavca40
1 PL E I S) . CUE A t t s ) . CUED ( 15 ) .FUBB( I d ) . DOLE ( 15) .CU AB i l d ) .Cubu ( 15 ) . YHS00560
2 UCP AS( 15 ) . bCPBB( 15 ) . CUE 4 b( I d l .CUEH d ( 15 ) .LU 5m ad( 15 ) . C U5m H t1( 15 3. YHau0dMD
3 CT sue ( 8 5 ) . CSu B2( 5.15 ) .BU. 6F .PNd ( 5.15 3 .F NT Su ( 5.15 ) .CL J.C u J . YHiovov0
4 TC E 3. TC u 3. TCP3.C 3.F u 3.TF E . T FP. TF u.F CP2O (5. i d l .F C PH O( 5 3 5 ). YHSouc20
5 FCPH8( 5.15 ) .CC PHd ( 5. t S ) . CCPRd( 5.15 ) .C C PZ u( 5.15 ) .F S uu tt ( 15 ) . YH300640
6 FCPSS( 15 ) . FUE B( 15 ) .FUEU 3 ( 15 ) .F tH H t 5) .F LHHi d l F E W/ ( 5 3.F CPZ ( 5.13 ) YHsOGOOO
7 .F CPR4 5 4 5 4.FCPH 45.15 ) .CCPH i d.15 ) . CCPH (b . t S ) .CCH2 ( b. t d ) . YHs00o60
8 FS uuB( 15) .FCPe i t S) .F TRH( 5 ) .F fH N( 5) .F ik 2 ( 5) .C TWH t 5 ) .C TRH ( a) . YHavbruO
9 CTR245).CEhM(59.CEHR(5).CERZ(5) YHS00720

CO MMON /M i n 2/DPG4 5.PG A S .F PO.F DPU .FP I .F DP I .PF C ( t a l . OPF C . LPO . C. E . V Hauo F4 0
1 FDSuuO.FDSuM4 5 ).FOhW R( 5 ) .FDSW2 ( 5 ) .FDSu ( 5. 8 5 ) . CDP I .CDPL.C DCHE (u ) YHavolbo
2 .CDCRE ( 5 ) .CDC ZE ( 5) .DUE A. DUE e.T OL A1. T OL A2. T OF Hl . T DF d2.CP 1.DP 2. YHs007ec
3 FTSu(5.15)

DIMENSION DPF CK ( 15 ) . MPF C( 15 ) .NMUL L ( 3 5 ) .F T 5 mH ( 6.15 ) .b F L Pt N ( I S I .
1 FFLUX415)
NZ3sN2-1
GO TO 1000

PUNCH 70. TIME.FTIME. ET. E I T . JF . kPH I N T . kF t e k F 2. P V 1. H V . k PL. (H.
3 J. MS HP

y P UN CH 7 5. NR .N Z , MF H. MG. MP ~.e . DPO. CPO .CDPO. PG A S .C T H . D Y l dt L
03 P UN C H 76. NF S W . MC SE .F I-FC .F J W E . S PF C . F PF L .5 PC
00 PUNCH 54 .R CC. FSQ ' . c S O2. T F SQ l . T F 502. T CL OS t . 0F L . DC L

PUNCH 10. (REOPEH(K).Kag.N23)
P UN C H 84.(DPFCKtK).Kat.N219
P UN CH lt.(PFC(K).Kag.N23)
P UN C H 12. ( MPF C ( K ) .K a t . N ll ) . ( NdOL E ( K ) . K = 1. h2 8 i
P UN C H !J.(RRES(K).K21.N21)
P UN CH 72.(AFS(K).Kat.NZl)
P UN C H 72. (SF88K).Kat.N23)
PUN CH 72. (ACS(K).Kat.NZB
P UN CH 72. (8CS(K).Ka1.N2) -- ,

Pu1CH 5. TF LO . TCL B . 4 WC V .F PDE N . T GR M . TuGM | c ;; '4
(PL(K).K81 NZ) L_---PUN CH 7 .

PUNCH F2.(FLUE (K).Kag.N2)
PUNCH 72. (FFLUK(K).Kat.NZ) I- '

_ , _ _

PUNCH 7 . ( 4 F TF( I.K ) . In t .MFh ). K a t .NZ l ) l + gg
PUNCH 74 ((CTF(I.K).Is!.NR).Kal.NZ) n' (. /

E.PUNCH 2. ( ( F S T SHH ( t .K ) . g a l e MF H ) .K a t . NZ l ) -

3 -,_PukCH 2. ((F STSRB( 3.K ) . l a g .MF H ) .K a ! .N2 8 ) , .

'l _

;;
PUNC H 2. (( F SI SZ 8( 1.K ) . t s t . MF N ) .K a t .N21 ) sL

I-PUNCH 2.((FNTsutt.n). Int.MFNF3Kat.NZl) -m
PUN CH 2. ((FTsuB(I.Kl.lat.MFN).Kat.N21) {L '
P UN C H 2 .((FCPHU(I.Kl.lat qFH),Kat.N24) __

;>J
PUNCH 2. ( ( F CPR B E I . K l . g s t . M FH ) .Ka t , N21 ) E. ~ ~ ~ ,

PUNC;) 2. ((FCP28( I .K) . t a g ,MFR ) .Ka t .N2 4 ) {- 1_ m,

PukCH 74 (4CSTS20(8.Kl. gal.NH) Ka1.NZ) [ ''' .
_s -]PUNCH 74 ( ( C S T S H8 ( i .K ) . l a t .Nd l K a t . NZ )

IJ%j P UN C H 74, ((CSTS2S(I.Kl.Is1.Nd).K=1.N2)% p-
PUNCH F3. ( ( C Su S ( 1.K l . I s t . NR ) . K = 1. NZ ) .-,

(/4 PUN C H F3 .((CCPHWEI.K),tal.NR).Ks!.NZ) ;"'

PUNCH 73 . (( CCPR0( 1. K. .I s t .NW) .K a t .N2 ) U(ja

U
J>- -

_._

- - . - . - - . - - . - . . - _ _ . . . . - -



PUNCH 73 .((CCPlatt.Kl lat.Nw).K 1.Nll
P UN C H 72. (FSuuHJtK).KsL.Kll)
PUNCH 72. ( F C P8t)( K ) . K 21. Nl l a
PUNCH 72. ( FUE8d(nl.n:1.hti)
PUNCH 72. (CUEA9tK).K*l.NZ)
PUNCH 72. (CUEBB(K).K=l.Nll
PUNCH 72. (CUAB(K).Kst.NI)
PUN CH 72. ( CUS's ( K ) . K = 1. NZ )
PUNCH 72. (UCPA9(K).Kst. Nil
PUNCH 72. (LCPHd(K).K*l.NI)
PUNCH 72. (CUSuA8(K).K=1.Nll
PUNCH 72. (CusuB3(K).K=1.Kl)
P UN C H 72. (Fv6B(K).K*1.Ntif

70 F OH M A T ( 4 F 6.1. 8 8. l b . 4 F *a . 2 215.12 3

75 F OH M A T ( 612. "E 12. 4 F4.ll

h To FOH M A T ( 2 4 5. F 13 3. C 15 4. 3F 10.2 )
54 F CH M A T ( E 10. 3. A F S . I . F 10.2 2E l z .4 )y3
10 FORMAT (13F4.1)
54 FOkMAT(SFIO.5)
31 FORMAT (8Flo.33
12 FORM A T( 26I 3 )
13 FUHMAT(13F6.4)
72 FORMAT (5E15.7)
5 F OR M A T( 2F 10.2.2F S. J .2E 13. 8 )
F FORMnT(8FtO.29
74 FORMAT (6FIC.25
2 FOWMAT(ACIS.73
73 FORMAT (6E13.7)

1000 NllaNZ-1 .-- -
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