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APPENDIX A

(] FUEL MATERIAL PROPERTIES
w./

Fifteen materials properties of light water reactor fuel have been modeled for inclusion in MATPRO-
Version 11. The ap,* coaches range frorn (a) a least-squates fit to available data using a polynomial or other
function hcving little or no theoretical basis to (b) a semiempirical correlation employing an analytical
expression suggested by theory with constants determined by comparison with data. The intent of current
and future work is to take the secsad approach whenever possible.

Each material property description includes a listing of a FOP.TRAN subcode which may be used to
calculate the value of the property for various input conditions. All 15 MATPRO fuel subcodes have
temperature as an argument. In addition, mr.ny are functions of burnup, plutonia content, density, time,
ar.d other variables.

Several of the subcodes use a physical properties subcode (PilYPRO, Appendix D, Section 1) to get fuel
melting temperatures and heats of fusion. These arid other commonly used material parameters are placed
in i common block by this separate routine and are thus available to all other subprograms in M ATPRO.

1. FUEL SPECIFIC HEAT CAPACITY (FCP) AND
FUEL ENTHALPY (FENTHL) (G. A. Reymann)

The specific heat capacity of nuclear fuel is needed for time-dependent temperature calculations. The
stored energy, or enthalpy, is calculated from the specific heat capacity. Stored energy is important in reac-
tor transient analysis because the severity of the transient is greatly affected by the initial stored energy of

q the fuel.
I \

1.1 Summary

The specific heat capacity and enthalpy of nuclear fuel are modeled empirically as functions of four
parameters: temperature, composition, molten fraction, and oxygen-to-metal ratio. Since UO and PuO22
are the principal LWR fuels, they are the constituents considered. The correlations for fuel specific heat
and enthalpy are valid for temperatures from 300 K to more than 4000 K.

Equatir as for the specific heat and enthalpy of solid UO and PuO are assumed to have the same form,2 2
but with uifferent constants. The basic equations are

,

K,0'exp(0/T) YK 3D
T [exp(0/T) - 1)2 + K T +

FCP = exp(-E ' I I^ "
2 2 , D2 RT'

i
and

K0 KT
FENTHL = , , + f + f K exp(-E ( A-1. l b)g, 3 D

where

specific heat capacity (J/kg.K)n FCP =

i \

d FENTHL = fuel enthalpy (J/kg)

9 Revised 8/81
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! T temperature (K)=

oxygen-to. metal ratioY =

8.3143 (J/mol.K)R =

the Einstein temperature (K)0 =

and the constants are gisen in Table A-1.1.

T.L9LE A-1.1

CONSTANTS l' SED IM l'02 AND pug 2 !! EAT
CAPACITY AMD ENTl!ALpY CCRRELATICNS

1f0 Pu0 .

Constant 2 2 l'n t t s

Ki 296.7 347.4 J/kg*K

2.42 x 10-2 3,95 x 10-4 J/kg*O43

K3
0,745 x 107 2.060 x 107 J/kg

e 535.265 571.000 K

En 1.577 x 103 1.967 x 105 J/ mot

The specific heat capacities of UO2 and pug2 n the liquid state are given byi

FCP = 503 J/kg K (A-1.2)

For a mixture of UO and PuO , th; specific heat capacity of the solid is determined by combming the2 2
contribution from each constituent in praportion to its weight fraction. When the material is partially
molten, the heat capacity is determined similarly with a reighted sum. The standard error of the CO2
specific heat capacity correlation is 3 J/kg.K; and for the inixed oxide specific heat capacity correlation,
it is 6 to 10 J/kg.K. depen < ling on the fraction of pug . For nonstoichiometric fuels, these uncertainties2
are approximately doubled.

Inspection of Equations (A-l.la) and (A-l.b) shows that the fuel enthalpy correlation is simply the
integral of fuel specific heat correlation from zero kelvin to T kelvin. Ilecause the specific heat correlation
is only valid abose a fuel temperature of about 300 %, ti.e fuel enthalpy correlation is also not valid below
a temperature of about 300 K. Therefoie, it is necessary to calculate fuel enthalpy with respect to a
reference temperature 2300 K. Thus, the fuel enthalpy at any desired temperature. T, is calculated by
evaluating Equation (A-1.lb) at T and at any desired reference temperature, TREF, and taking the dif-
ference FENTilL(T) - FENTilL(TREF). For temperatures greater than 2 K below melting, the molten
fraction and heat of fusion are used to interpolate between the enthalpy of unmelted fuel and just melted
fuel at the melting temperature.

Section 1.2 is a review of the surseyed literature. The model development is presented in Section 1.3.
Model predictions are compared wi'h data in Section 1.4. An uncertainty analysis is given in Section 1.5.
The FORTRAN subcode listings are in Section 1.6, and the references are given in Section 1.7. A
bibliography is given in Section 1.8.
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1.2 Review of Literature

$ ) An important source for fuel specific heat capacity data is the extensive eview by Kerrisk and
~# Clifton.A-1.1 Additional data from Kruger and Savage -1.2 are used to find the parameters for PuO inA

2
Equation (A-l.in). The heat capacity of liquid fuel is taken from Leibowitz.A-1.3

1.2.1 Limitations of the Data Source. The data used by Kerrisk and Clifton cover a wide range of
temperatures (483 to 3107 K), but these data are restricted to nearly stoichiometric material (oxygen-to-
metal ratio between about 2.00 and 2.015). The data of Kruger and Savage are limited in that the highest
temperature was only 1400 K, which is well below the melting point of about 2600 K for PuO . Their data2
are also restricted to approximately stoichiometric PuO . The oxygen-to-metal ratio has been shown to be2
significant by Gronvold -I 4 and by Affortit and Marcon.A-l.5A

The specific heat capacity of liquid fuel taken from Leibowitz is applicable to UO only. The assump-2
tion is made that the lic, aid UO2 value is also valid for liquid PuO . Although departures from2
stoichiometry were found to be significant for solid fuel, no experimental effort has been made to assess
the importance of this parameter in the liquid state.

1.2.2 Other Data Sources. Several other data sources are used to estimate the uncertainty of the model,
but not in its development. These sources are cited in Section 1.5 where the uncertainty is analyzed.

1.3 Devalopment of the Model

The most common technique of determining specific heat capacity is to measure the enthalpy of a sam-
ple by drop calorimetry and deduce the heat capacity by finding the rate of enthalpy change with
temperature. Generally, the enthalpy data are fitted with an empirical function, often a simple polynomial
equation. Whereas the accuracy of this approach is good, a function based on first principles is preferable

[n) because it allows the identification of the physical processes involved and could be extrapolated beyond its
'(j temperature base with some degree of confidence. This approach was used by Kerrisk and Clifton and is

- adopted here.

1.3.1 Specific Heat Capacity of a Typical Solid. The lattice specific heat capacity of solids at constant
volume can be characterited theoretically quite well using the Debye model of specific heat. Except at low
temperatures, a similar but simpler theory developed earlier by Einstein is also adequate. These theories are
described in the most basic solid state textbooks such as Kittel.A-1.6The Einstein formulation is used here
because of its simplicity. This formulation is

,

K O'exp(6/T)
y

(A-l.3)C =
* T [e7p(u/T)- 1]

where

specific heat capacity (J/kg.K)Cy =

constant to be determined (J/kg K).Kg =

Equation (A-1.3) gives the specific heat capacity at constant volume. In most reactor situations, the
specific heat capacity at constant pressure, C , is n. ore appropriate. The relationship between the twop
is -l.7A

(2 )m y
( ') - C =C +1 (A-1.4)

# |IT
'

s P v
%J \
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where

coefficient of thermal expansion (K-l)a u

coefficient of compressibility (Pa-l)# =

lume (m3),V = rr 't

2T:mperature-depet tnce of n V/d in Equation (A-1.4) is complicated. The compressibility of a liquid
or a solid is nearly constant with temperature, but the molar solume and the coefficient of thermal expan-
sion change with temperature. Iloweser, expressing the quantity (Cp - C ) as a function of a constanty
times temperature, yields results well within the scatter of the data. Therefore, C h expressed asp

C =C + X,T ( A-l .5)p v .

where C is given by Equation (A-l.3) and K2 s a constant to be determined by comparisen with data.iy

1.3.2 Defect Energy Contribution to the Specific Heat Capacity. At temperatures > l500 K, the
specific heat ca7acity data show a rapid increase not described by Equation (A-l.5). This increase is
generally attrib ated to $ energy necessary to form Frenkel defects.^-I 7 ^-l 8 A-I 9 Some
investigators ^-14 A-I 8 hase suggested that Schottky defects may also contribute to this rapid increase.
Ilowever, the assumption used in this model is that the rapid increase in specific heat capacity > 1500 K is
due to formation of Frenkel defects. The functional form of the extra term that should be added to E:ria-
tion (A-1.5) may be found from the defect energy contribution to the enthalpy given byA- 1.6

D " K exp(-E_ /RT) ( A-1.6)il
l ,

where

lip defect energy contribution to enthalpy (J)=

En = activation energy for Frenkel defects (J/mol)

K3 constant to be determined (J)=

and R and T were previously defined in Equation ( A-l.1). Tr letermine the defect contribution to the
specific heat capacity, the derisative of IID with respect to .mr.erature, Co, is used. CD s gisen byi

KE
zD

C exp(-E /RT) ( A- 1.7)=
D D

RT

Combining Equations ( A-1.3), ( A-1.5), an 1 (A-1.7) gives the general expression for sp> cific heat capacity

,

K ,#'exp(0/T) K 3D
exp(-E

T [exp(6/T) - 1]2 + K,T +
C =

2 DE *
RT

1.3.3 Determination of the Constants in the Model. For UO , the values of the five constants Kg,2
K K ,0, and ED are taken from Kerrisk and Clifton. For pug , the constants are determined by fitting2 3 2
the data of Kruger and Savage. In both cases, the fuel was nearly stoichiometric. Data sources for pure
pug are scarce. One potential source is the work of Affortit and Marcon. Ilowever, they give only cor-2 ,

relations fit to data and not tne actual data. Also, they do not present an uncertainty analysis. Without
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. knowing the number or accuracy of the data on which their correlations are based, it is not possible to i

/7~ estimate what weight to give to their results. Therefore, their correlations were not used to determine the |

( ) constants of Equation (A-1.8). However, their work was useful for the assessment of the effects of |
V departure from stoichiometry.

It should be noted that the constants determined for Equation (A-1.8) are only valid at fuel temperatures
>300 K. Data <300 K were not used to determine the constants of Table A-1.1, and the Einstein
formulation assumes temperatures above the Einstein temperature,6.

1.3.4 Effect of Nonstoichiometry. Severalinvestigators have found the oxygen-to-metal ratio of fuel
to influence the specific heat capacity.A-1.1,A-1.5,A-l.8,A-1.10 At temperatures > 1300 K, departures
from stoichiometry typical of those found in light water reactor (LWR) fuel have caused changes in the
specific heat capacity greater than the data scatter. The most complete analy sis of this effect has been done
by Affortit and N1arcon. Even though their results are quantitatively different (see Figures A-1.1 and
A-l.2, made from their correlations) from sources used to develop this model, they illustrate well the
qualitative aspects of this effect. Figure A-1.1 is for UO and Figure A-1.2 is for mixed oxide fuels. These2
figures show that the specific heat capacity increases as the oxygen-to-metal ratio becomes larger than 2.

Very hyperstoichiometric materials, such as U 0 and U 0 , have specific heat capacities considerably4 9 38
larger than that of UO .A-I 4 A-I II in addition, these materials exhibit peaks in specific heat capacity at2
temreratures associated with phase transitions. However, the incidence of these states in light water reac-
tor fuel is infrequent, and their influence is neglected ir: this model.

In reactor fuel, nonstoichiometry is believed to be due to oxygen interstitials for hyperstoichiometric
fuel, and oxygen . vacancies for hypostoichiometric fuel.A-I 8 Excess oxygen tewis to increase and an
oxygen deficiency to decrease, the probability of formation of Frenkel and ! ky defects, thereby,
changing the specific heat capacity. Thus, the logical adjustment to Equation (A a) to account for the

[ i oxygen-to-metal ratio effect is in its last term, which includes the effect of defect formation. By multiply-
) ing the term by the oxygen-to-metal ntio divided by 2.0, the following desirable features are produced.

1. The correlation is unaffected for stoichiometric fuel.

2. The proper temperature dependence is obtained.

3. The specific heat capacity is increased for hyperstoichiometry and decreased for
hypostoichiometry, in accordance with the data.

Therefore, this correction has been made to Equation (A-1.8) giving Equation (A-1.la). This is the model
used for the specific heat capacity of solid UO and PuO -2 2

If the fuel consists of mixed oxide (h10 ) with a weight fraction of PuO equal to FCOhlP, then the2 2
specific heat capacit .e mixed oxide fuel is calculated by the expression

FCP
h10 UO (1 - FCOh1P) + FCPPuO IA I"

2 y

If the fuel temprature is greater than the fuel melting temperature, FTh1ELT, plus the liquid-solid coex-
- istence temperature, then the fuel specific heat capacity is not calculated using Equation (A-1.la) but set

equal to the specific heat ofliquid fuel,503 J/kg.K for both UO and PuO fuel. If the fuel temperature is2 2
equal to the fuel melting temperature, TN1ELT, then the specific heat capacity is calculated by the
expression

[] FCP = (1.0 - R) FCP(T - Th1ELT) + R.FCPh10L ( A-1.10)

!
i
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1 CP/l'EN iill,

where

fraction of fuel which is moltenR =

I:CPNIO!. = specific heat capacity of liquid fuel (503 J/kg.K).

1 uel enthalpy,1:ENilf t., for solid fuel is f ound by integrating liquation ( A-1.la) with respect to
temperature over the interval tero kehin to T ichin. Ihe result of the integration i the esprewion

K;0 K 1,
j , }~+yK ) es p(.lig/ R I J (A-l.II)

3

1:1!N'lill. = &

liigure A-l.3 shows the enthalpy of UO2 sersus temperature calculated using liquation ( A l.II).

If the fuelconsists of a mised oside with a weight fraction of PuO2 equal to l'CONIP, then the enthalpy
of the mised oxide fuel is calculated by the esprewion

I liNTill 1:1!NTill (1 - 1 CON 1P) + l l!N'l li t.p .I CON 1P ( A-l .12)=ayg y

If the luct temperature is equal to the tuel melting temperature, ITINiliifl, then the luel enthalpy i
calculated by the expression

I l!N illi. = l't!N iill (I = 12'I N11il;l) + 1:lilil US.I ACNIOI ( A -1.13)

w here

I illil:US heat of fusion of the fuel (J/kg)=

l'ACN10 !' = traction of the tuel that is molten (unitiew).

If the f uel ten.perature, ITidil''I, is greater than the fuel melting temperatme, then the f uel enthalpy h
calculated by the esprewion

112.N iill = l l!N ilit.(I' = frIN11!!!!) + l lll l'US + (1:ll! NIP - l'I .NililJI).1 CI'NIOI ( A-1.14)

where

I:CPN101. = specific heat capacity of molten fuel (I/kg.K).

1.4 Comparisons of the Model with Data

Ilyure A-1.4 shows the specific heat capacity correlation, I CI', for UO, compaicd with data from three
sources.^ I 4*A-I 32.^ l I3 'Ihese data were taken from stoichiometriU UO . At the high end of the2
temperature interval (a few hundred kehin below the melting temperature), the data fall below the model
calculations. (l'robably the result of partial melting due to a nonuniform temperature dhiribution within
the sample.) l'or esample, the measured specitic heat capacity would be smaller because the specific heat
capacity in a liquid is considerably lower than in a solid. A similar compar hon is show n in l'igure A-1.5 for
pug . In this instance, the correlation is campared with its ow n data base. I hh was necessaiy due to the2
lack of a broad data base for pug 2 uel. A better test of the accuracy of the modeli found by comparingf
its predictions with mixed oxide data,A-l.5, A-l.10, A-l.14 as shown in l'ipure A l.fi. None of the data
show n in this figure were used in the desclopment of the model. ~1 he agreement is relathcly good except for
the low values repc.ted by Affortit and N1arcon. Other experimenter * A I 3.A-I 10 have pointed out that

i f> Revked 8/81



... . _ - - . - _- . . _ - - - . . _ - _ _ .

, FCP/FENTill

2
.

'|
i

1

,

/
,i

-

E
%
n
e
o
#

: x
1 -1 -
-

-

>,
o.,

% ,

'

.c

cw

.

.;
,

,

,

!

!

. 0 - ' ' ' '

I 0 500 1000 1500 2000 2500 3000 3500 4000

Temperature (K)

Figure A 1.3. Enthalpy of UO as a function of temperature to 4000 K.2

17 Revised 8/81

-. - . -. - - .. . - - .. -_-_ - __. , ..._ - .... ,_ ..- .-,___ . _ _ - - - _



- - - _ - - _ -_.

FCP/FENTill

800 . . . . , , . . .

750 - -

o Hain
o = i_eibowi t2

700 - A= Gr6nvold .

{] 650 -
'

' O
J

~~

500 - -

<
.

S' a,

4 %
- 550 - -

cw
a
.-

U D
A 500 -

-

<o
'' O,

. , >

T o
E 450 - -

o
i C
i . _ .

'
E 400 - -

1
o

330 - o -

0

330 - -

;

250 -
<

>

!
703 ' ' ' ' ' ' ' ' '

300 000 900 120] 1500 1300 2100 2400 2700 3000 3300'

Te :per; tare . r:

2 rom three experimentors compared with the FCP correlation (solidFigure A-i 4. Specific heat capacit/ of UO f
line) for UO -2

O
18 Resised 8/81

.. .. . _ _ _ . ____- - -.



. . . _ _

FCP/FENTHL

a
400 . , , . .

O Kruger and Savage

375 -
-

C-

_
_r,

2
Cn
a
s 325 -

-

2.
o
'U
E
g 300 --

a
to

$
U

5 275 - -

U

L/)

1 1
i

250 - -

<

22D - .

I

200 2' - -

300 600 900 1200 1500 1800 2100

! Temperature (K)
.

2 r m Kruger and Savage compared with the FCP correlation (solidf'

Figure A 1.5. Specific heat capacity of PuO
line) for PuO -2

|

|
t

|
' .

|
,

19 Revised 8/81

|
1

- - - - - __ - - - - _ . . . - . . _ _ _ . - - . , _ _ - . - _ _ , _ . , _ _ _ _ _ , , _ , . - , , _ _ . , _ , , , _ _ _ , _ _ _ _ _ _ .



FCP/FENTHL '

700 , , , , , , , , ,

Gibby'itzo650 - o Leibow o

2 4 Affortit

e['n 600 _ FCP with FCOMP=0.2
u

550 - y/t
-

& N'

~ of g
rc 9 #Q. su

*
0 450 -

, ,

4 O 8u

@ O _
u

A

4 , j' ~ a
'

'

350 **U a

MI aC
, as

Suo, a
a

m 3QQ ,A'
O.

y ' erV)

250 /

200 i i , i i i , i i

300 600 900 1200 1500 1800 2100 2400 2700 3000 3330

Temperature (K)

Figure A-1.6. Specific heat capacity of tU .8 u0.2P 10 from three experimenters compared with the FCP correbtionO 2
tsolid line) for mixed oxides.

the results of Affortit and Marcon aie generally low when compared wi;h their data and hase excluded the
Affortit and Marcon measurements from thei; Jata base. No one has proposed an adequate explanation
for the discrepancy. On the other hand, at least one insestigator^-l 9 has given considerable weight to the
work done by Affortit and Marcon. Ilerein, the Affor:ii and Marcon results are used only in the analysis
of tt.e effect of departure from stoichiometry on the spcific heat capacity.

1.5 Uncertainty of the Model

As would be expected, the accuracy of the FCP model when compared with its own data base is quite
good. A bet:er test was found by comparing the correlations with data not used during their development.
The UO2 and mixed oxide fuel correlations are analyzed separately in this section.

1.5.1 Uncertainty in UO Model. Kerrisk and Clifton report an accuracy of *3% for their correlation2
oser the temperature range 300 'o 3000 K, with an approximately uniform distribution relative to
temperature. When the calculations of the correlation are compared with the data of Gronvold for
stoichiometric oxide, the agreement is even better, having a standard error of only 2.0 J/kg K. This is a
good test of the model since these data were not used to develop the correlation. The paper by Affortit and
Marcon gives correlations fit to their data. Arbitrarily taking 200 K intervals over their temperature range
from 600 to 3000 K and using their correlations, the standard error is 46 J/kg.K. Affortit and Marcon's
predictions are smaller at all temperatures and the residuals increase with temperature.

1.5.2 Uncertainty in the Mixed Oxide Model. Because of the limited number of data for PuO , the2
accuracy cf the correlation for mixed oxide fuel was used as a test for this correlation. Data were taken
from Leibowitz,^-l 14 Gibby,A 1.10and Affortit and Marcon. The model presented in this paper, using a
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FCP/FENTHL

weighted sum of the UO and PuO results, calculates st .eific heat capacities that are slightly larger thanry 2 2
),im ~

all but two of the 55 data reported by Gibby and Leibowitz. At the highest and lowest applicable
temperatures (3000 and 300 K), the differences are neghmole; < l.0 J/kg K. At intermediate
temperatures, around 1600 K, the residuals are approximately 10.0 J/kg.K, falling off smoothly from this
temperature. The standard error of the model relative to these three data sets is 5.6 J/kg.K. This is
equivalent to a maximum percentage error of <2.5%. Since these residuals are smaller than the scatter in
the data, the model represents these data .ts adequately. When the model is compared with that of
Affortit and Marcon, again taking 200-K steps from 1600 K to melting, the standard error is 46 J/kg.K.
Affortit and Marcon always have the smaller value and the residuals increase with increasing temperature,
as with the UO2 results. Because of the lack of actual data, the results of Affortit and Marcon are not
included in the standard error estimate.

1.6 Fuel Specific Heat Capacity Subcode FCP and Fuel Enthalpy
Subcode FENTHL

A listing of the FCP subcode is given in Table A-l.II, and the FENTHL subcode in Table A-1.Ill. The
function, EMFCP, is the evaluation model fuel specific heat (which is not part of the best estimate
materials properties package), and the subroutine DIALOT is part of the uncertainty analysis package.
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m
TABLE A-1.II Q

5
LISTING OF THE FCP SUBCODE m

M
E

FUNC TION FCP ( FT EMP, F ACN GT ,F OT MTL, FR AD EN)
C
C THE FUNCTION . CP IS USED 'O CALCULATE THE SPECIFIC HEAT CAPACITY
C OF 002, PUO2, AND (U,Pul0c FU EL S AS A FU N C T ION OF TEMPERATURE,
C FRACTION OF FUJL WHICH IS MULTEN, POO2 CON TEN T, AND OXYGE9-TO-
C METAL RATIU.

b FCP OUTPUT FUti SPECIFIC HEAT CAPACITY (J/(KG*Kil=

C
I NPUT F UEL ME S4 POINT TEMP ER ATUR E (K)C FTEMP =

I NP UT F UE L FRACTION MOL T E N (UNI TL E SS IC F ACMOT =

C F AC MOT = 1.0 - FUEL IS ALL MOLTEN
C F ACMJT = 0.0 - FU EL IS ALL SOLID
C FOTNTL = INPUT O XYGEN TO MET AL R ATIO (UNITLESS)

( ATOMS OXYG EN) /( AT01S MET AL) IF NOT KNOWN,C FOTMTL =

C ENTER 2.0
C FRADEN = INDUT FUEL DENSITY (RATIO OF AC TUAL DENSITY
C TO THEORETIC AL DENSITY)

O C UFCP ESTIM ATED ST AN D ARD E RROR F OR UO2 ( J/(KG*K))=

C (NOT CURRE NTL Y R ETURNED I
ESTIMATED STANDARD ERROR FOR PUO2 ( J /( KG *K i lC PUFCP =

N C (NOT CURRE NTL Y RE TURNED )

THE EQUATIONS USED IN THIS FUNCTION ARE BASED ON DATA FROM*
a C (1) J.KERRISK AND D.CLIFTON, NUCLEAR T EC Hh0L OGY 16 (1972$.
R C (2) 0.K RUGER AN D H.S AV AGE, JOURNAL OF CHEMICAL PHYS IC S ,4 5

(19 68).g {
C THE EFFECT OF OXYGEN-TO-METAL RATIO WAS ESTIMATED FROM
C E CUATIONS PUBLI SHED BY;
C (3 ) C. AF FORT IT AND J.MARCON, REVUE INTERNATIONALE DES HAUTES
C TEMP ER ATURE S E T DE S RE F RACT AIR ES,7 (1970).
C ThE SPECIFIC HE AT C AP ACITY OF MOLTEN U02 W AS TAKEN FROM
C (4) L.LEIBOWITZ ET AL, JOURNAL OF NUCLEAR MATERIALS,39 (1970)
C
C FCP W AS ORIGIN ALLY CODED BY V.F.BASTON IN MARCH 1974.
C LAST "0DIFIED BY G.A.REYMANN IN MAY 1978.
C
C

COMMON / PHYPRO / FTMEL T,FHEFUS,C TMEL T,CHEFUS,CTR AMB,
s CTR AN E,C TR AN Z, F DE LT A,8U, COMP,D ELO X Y

! C
C THE PHYPRO COMMON BLOCK IS SET BY CALL TO THE SUBROUTINE'

C PHYPRO WHICH IS PART OF THE MATERIALS PROPERTIES PACKAGE
C USED AT THE INEL.

O O O
- -
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TABLE A-1.II (continued)

C QtIANTITIES CONTAINED IN IT USED IN THIS SUBCODE ARE;
FUEL MELTING TE MP E R A I UR E (K)C FTMELT =

C FDE LT A = LIQUID-SOLID COEXISTENCE TEMPERATURE (K)
PUO2 CD1 TENT (W T. % )C COMP =

C WHEN THE FUNC TIUN FCP IS USE D ALONE, NOT AS PART OF THE
C INEL CODE, VALUES FOR F TM EL T, FDFLTA, AND COMP MUST BE
C INPUT.
C
C LIC ENSING ASSI STANCE COMMON BLOOK.
C ADD TO MAINLINE

CCMMON /LACMDL/ MAXIDX, EMFLAG(21)
C

DATA ON / 2H31 /,
# DFF / 3HO:f /,<

s LOCIDX / 8 /

C
D AT A Clu ,C2U ,C 30 ,THU ,EDU / 296.7 , 2.43E-C2, 8.745E07,'

# 535.285, 1.577LD5 /
DATA C1PU,C2PU,C3PU,THPU,EDPU/ 347.4 , 3.95E-D4, 3.860E07,2

s 571.0 , 1.967E05 /'

C P ( C1, C2, C 3, TH , E D , T, F OTM TL ) =

s C l * ( TH* *2 ) *E XP ( T4 / T l / ( (T * * 2 ) * ( ( E XP ( TH/ T)-1. l * * 21 ) + C2*T,

| e + ( FOTM T L / 2. ) * ( C3 * E D/ ( 8. 314 * ( T * * 2 ) ) l *E XP (-E D/ ( 8. 314 * T ) )x
C' a

5- IF ( EMF L A G ( L OCI D X ) .EO. 1N)
EMFC P ( F TEMP, F ACMOT, F T MEL T, F R ADE N)

. E # FCP =

! IF (EMFLAG(LUCIDX) .EJ. ON) GO TO 100=
! s C

FTEMPT =- -

F ACMOT1 R =

F TMEL TTM =

FCCMP COMP /100.0=

503.0FCPMOL =

C FCPMOL = SFECIFIC HEAT C AP ACITY OF MOLIEN FUEL (J/(KG*KI)
C

i IF (T .GT. ( TM+ F DE L TA ) ) GO TO 50
C;

CP(Clu ,C2U ,C3U ,THU ,EDU , T,FO TMTL ) * (1.0 - FC OM P ) +| FCP =

j # C P ( CIP U, C 2PU, C3 P U, THPU, E OP U, T,F OT MT L ) *FC 01P R
2| IF (T .LT. (TM-0.1)) GO TO 100

(1.0 - R)*FCP + R *FC PMOL $i FCP 1=
' GO TO 100

! F
i
1

4

,
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i TABLE A-1. II (continued)
;

)

| 50 FCP F C PMOL=
.I UFCP 2.0=

PUFCP 5.6=
'

C
100 C Cr4 TI N UE

i RETURN
END'
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TAB E A-1.III

.

LISTIM OF THE FENTHL SUBCODE

FUNCTION F ENThL (TEMP ,FCOMP ,FOTNTL ,FTMELT eFACMOT
1 ,FHEFUS )

C
C IM P LIC I T R EAL * 8 (A-H,0-Z)
C
C *********************************************************************
C
C THIS FUNCTION IS CALLED BY SU B R OU TI NE E NE RG Y AND C OMPUT ES THE
C ENTH AL PY OF FUEL AT A POINT RELATIVE TD ZERO DEGR EES ABSOLJTE
C TEMPERATURE
C
c ****tr***************************************************************
C INPUT ARGUMENTS
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C FACMOT - F R ACTION OF N0LTEN FUEL
C FC OMP - P UO2 FRACTIO 4 0F THE FU EL
C FHE FUS - HE AT OF FUSSION OF THE FUE L (J/KG)w

# C FOTNTL - FUEL OXfGEN TO MET AL RATIO
C FTMELT - FUEL MELTING TEMPERATURE (K)i

LUCAL TEMPERATURE (K)i C TEMP -

I y [*********************************************************************
d- C OUTPUT'
E C *********************************************************************
= C

FENTHL - LOCAL FUEL ENTHALPY RELATIVE TO ZERO DEGREES-K (JIKG)g {
i C .****************************************.*.******************.******

C
; C FENTHL WAS ORIGINALL Y CODED BY G.A. BERNA IN NGVEMBER 1979
1 C IT WAS UPDA TED BY L.J. SIEFKEN IN DECEMBER 1979
i C FURTHER UPD A TED BY G.A. REYM ANN IN FEBRUARY 1980
i C

SPECIFIC HE AT C APACITY OF MULTEN FUEL ( J/(KG*K) ): C FC PNOL =
! C

| DATA FCPMOL / 503.E0 / ,

hC THE FOLLOWING D AT A ST ATEMENTS CONT AIN CONS T ANTS FROM M ATPRO-11 FCP
4 C
| DATA C 1U, C20, C30, THU, EDU / 296.7 , 2.43E-02, 8.745E07, 5
j s 535.285, 1.577E05 / z
i DATA ClPU, C2PU,C 3PU, THP U, EDP U / 347.4 , 3.95E-04, 3.860E07, d

s 571.0 , L.967E05 / p,

t C

1
i

!
1
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TABLE A-1.III (continued) %
5

C THE FDLL0 DING EQUATION IS THE INTEGRAL OF THE FUEL SPECIFIC HEAT
C WITH RESP EC T TO T tMP ER ATU RE'

C
C P D T ( C 1, TH, C 2,0 TM, ED, T, C 3 ) =

8 Cl*TH * ( 1. / (EXP(TH/TI-1.1)* + C2 * T * T / 2.E0
2 + C3 * OTM * EXP(-ED /(T * 8.314E01 1/2.E0

C
TX= TEMP
I F ( T X. G T . .; T H E LT I T X = F T M EL T

C
F EN T HL = CPDT(Clu ,THU ,C2O ,FOTMTL ,EDU

# sTX ,C30 1 * ( 1.E0 - FC7MP I
C

IF( FCOMP . GT. 0. E 0 IFENTHL = F E N T HL + CP DT( CIPU ,THPU
s ,C 2P U ,FOTMTL ,EOPU , TX ,C3PU 1*FCOMP

*s C
e C

IF( TEMP .L E. F TM EL T - 2. E0 i GO TU 100

? C
< C
5' FENTHL = FENTHL + FHE JS * FACFOT' IF ( T EMP.L E. ( FTME L T + 2. 0 TO 100*

C
"
~ C

F E NTHL = F EN T FL +( TEMP-F .MEL T ! *F C PMOL
100 CONTINUE

C
RETURh
EN D

e O O
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2. FUEL THERMAL CONDUCTIVITY (FTHCON) (D. L. Hagrman)

In this section, a correlation is presented for the thermal conductivity of uncracked UO and (U,Pu)O22
fuels. This property and the closely associated models for the effect of fuel cracking on temperature
distributions within the fuel are critical to accurate predictions of fuel rod behavior in both steady state
operation and in off-normal transients because fuel rod behavior is strongly dependent on temperature.

2.1 Summary

The FIllCON subcode determines the fuel thermal conductivity and its derivative with respect to
temperature as a function of temperature, density, oxygen-to-metal (0/ht) ratio and plutonium content of
the fuel. Ilurnup is also required input but is used only to calculate the melt temperature.

The data base shows no significant effect :; porosity at temperatures above about 1600 K, probably
because of the effects of radiation aao gas conductivity which increase pore conductivity at high
temperature. The thermal conductivity of liquid fuel has been estimated from physical considerations
because no data for the conductivity of molten fuel have teen found.

I With the exception of minor modifications made to climinate discontinuities in slope in the temperature
i range 1364 to 2300 K, the expression used to model thermal conductivity of solid fuel is
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FTilCON
<

. ._ _

D v

k= 1 + (6.5 - 0.0N69 F"(I D) (A + IIT")(1 + 3eg)
- -. .

-2
-3

.

-13358h.
-

1335+ 5.2997 x 10 1 ex j i+ 0.16 +2 ( A-2.1)
7 7

. L . -

where

k thermal conductivity (W/m.K)=

D fraction of theoretical density (unitiess)=

C phonon contribution to the specific heat at constant volume (3/kg K). The first=y

term of the N1ATPRO correlation for fuel specific heat capacity is used for this
factora

linear strain caused by thermal expansion when temperature is >300 K (unitiess).eth =

The NIATPRO correlation for fuel thermal expansion is used for this factor

fuel temperature (K)T =

T' fuel temperature it < l364 K. For temperatures > l834 K, the porosity factor,=

D
1 + (6.5 - 0.00469T ') (1 - D) *

is equal to I and for temperatures in the range 1364 to 1834 K, the factor is found by
interpolation as explained in subsection 2.3

fuel temperature if < 1800 K. For temperatures > 2300 K T * is equal to 2050 K andT" =

for temperatures in the range 1800 to 2300 K, T' is found by interpolation as
explained in subsection 2.3

a factor proportional to the point defect contribution to the phonon mean free pathA =

(m.s/kg). The correlation used for this factor is 0.339 + 11.1 x absolute salue
(2.0-O/N1 ratio)

a factor proportional to the phonon.phonon scattering contribution to the phonon11 =

mean free path (m.s/kg.K). The correlation used for this factor is
J.06867 x (1 + 0.6238 x plutonium content of fuel).

The first term of Equation (A-2.1) represents the phonon contnbution to specific heat, and the second
term represents the electronic (electron-hole) contribution. The expression is valid only in the range 90 to
100ro of theoretical density. When the fuel is molten, the first term is neglected.

The expected error of the thermal conductisity model has been estimated by computing the standard
error of the model with respect to its data base. For stoichiometric UO2 samples, the standard uror was
0.2 (W/m.K) and for stoichiometric (U,Pu)O wi;h 2'fo Pu, the standard error was 0.3 (W/m.K). On the2
basis of these results, the following expression is used to calculate the expected standard error of the
Germal conductivity of the solid fuel

UK = [0.2(I - CON 1P) + 0.7 CON 1P] x (1.0 + [2 - OTN1110) ( A 2.2)

a. The analytical espreuion for C, as a function of temperature,1. and pluiomum content. C()MP. h

(- ,, _2MP 2# W 289
esp [(g . coypjj + ?W W

2 /,15 285\ 2 Mi\ -
ey coup,

*

T est T
~ /~ I

#M M 'I
' ~
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- FTiiEXP

TABLE A-4.I
. /gt
-( ! PARAMETERS USED IN UO2 AND PuC2 SOLID PHASE

TliERMAL EXPANSION CORRELATIONS

UO Pu0 .

Constant 2 2 Units

1.0 x 10-5 9,0 x 10-6 g-1
Ki

-3.0 x 10-3 2.7 x 10-3 UnitiessK2

4.0 x'10-2 7,o x 10-2 Unitless-_K3

Ep 6.9 x 10-20 7,o x'10-20 J

>

where

AL (T ) thermal expansion strain of solid fuel from Equation (A-4.1) with T = Tm=

o

melting temperature of the fuel (K)T =m

FACMOT = fracti:n of the fuel which is molten (unitiess)
FACMOT = 0.0-fuel all solid

s

) FACMOT = 1.0-fuel all molten.gv
The correlation used to describe the expansion of emirely molten fuel is

-5
(T ) + 0.043 + 3.6 x 10 T - 4 + AT )] . (A-4.3)=

m

The solid to liquid phase transition is isothermal only for pure UO or pure PuO . For (U,Pu)O , the tran.2 2 2
sition occurs over a finite temperature range, denoted in Equation (A-4.3) by ATm-

The uncertainty of the pooled data was found to be temperature-dependent, increasing approximately
linearly with temperature. Therefore, a percentage error is given rather than a fixed number. The a limits
were found to be within *10% of the calculated value.

Section 4.2 contains a discussion and evaluation of the sources used. Section 4.3 presents the develop-
ment of the model. In Section 4.4, the model predictions are compared with data and an uncertainty
estimate is given. Sections 4.5 and 4.6 give listings of the FORTRAN subcode, FTiiEXP, and the
references, respectively.

4.2 Review of Literature

' Data were taken from nine sources .'or UO ,^-4 I-A-4 9 and two sources for PuO A-4.3,A-4.12 or
2 2 F

UO , the data cover a temperature range from 300 to 3400 K; and for PuO , from 300 to 1700 K.2 2

In four of the UO experiments,A-4.1,A-4.2 A-4.8,A-4.9 X-ray measuring techniques were usea. This2 ,

,

type of measurement gives the change in the lattice parameter rather than the bulk thermal expansion. I'

,
fV ' Several investigators -4.2,A-4.10,A-4.ll have noted 'that the change in the lattice parameter isA

J
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appreciably smaller than the bulk thermal expansion measured using diirtometric or interferometric
methods, especially at ugh ( >1000 K) temperature. In general, the difference is attributed to the creation
of Schottky defects. A-4.2, A 4.10, A 4.11 lioch and MominAd9 obtained results where there was no
discrepancy between incir X ray results and bulk results. iloweser. be bulk of the data support the
Schottky defect idea since the X-ray data consistentty fall below the cthers at high temperatures, where
defects begin to appear in large numbers. Therefore, X-ray data were used in the data base only at low
temperatures (< 800 K).

4.3 Model Development

While most authors simply fit their data with a polynomial, in this report correlations based on more
physical grounds are used.

4.3.1 Low Temperature Thermal Expansion. The simplest theory of the linear expansion of a solid
near room temperature is found in most elementary physics texts such as Sears and Zemansky.A4 I3

al = 1 Kg (T - T ) ( A-4.4a)g g

or

al =KT-KT ( A-4.4b)g gg

w here

the aserage coefficient of hnear expansion f K-I)K, =

T a reference temperature (K)=
g

length at refere ce temperature (m)L =
g

at the teference temperature AL = 0 or equisalently L = L .g

The low temperature (< 800 K) data were fit by the method of least sauares to a generalized form of
Equation ( A-4.4b).

fe = K
T-K ( A-4.4c)g y

This fit was done separately for UO2 and pug 2 and the coefficients Kg and K 2 or each material aref
listed in Table A-4.1. The numbers in the table hase been rounded off to two sigmficant figures.
Comparison of Equations (A-4.4b) and (A-4.4c) shows that To =- K /K;, w hich for both fuels is 300 K, a2
temperature typical of the reference temperatures where AL = 0 in the data bases. These correlations

di describe low temperature thermal npansion within the data seatter.

4.3.2 liigh Temperatuie thermal Expansion. For both UO and PuO2 Equa' ion (A-4.4c) was inade-2
quate at higher temperatures (T > 1000 K), most likely due to the f oruation of Schettky defects. Frenkel
defects will aiso be present, but should have no measurable effect on the thermal expansion.A-4 2. A 4 9
The contribution from Schottky defects should be directly proportional to their concentration ^~8 2 w hich

A 4 2 A 414's gis en by

= K exp (-E9/ k T) ( A-4.5)y
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FCREEP

6.1 Summary
,

'v' The FCREEP model calculates creep deformation of UO or mixed oxide fuels. The model includes a2
time-dependent creep rate for UO , valid for both steady state and transient reactor conditions. Fuel creep2
is modeled as a furiction of time, temperature, grain size, density, fission rate, oxygen-to-metal ratio, and
external stress.

At a transition stress (ot), the creep rate changes from a linear stress dependence to a creep rate propor-
tional to stress to a power n. The transition stress is defined by

ONa = 1.6547 x 10 /G ( A-6.1)

where

transition stress (Pa)at =

fuel grain size ( ).G =

The creep function is dependent on an Arrhenius type activation energy. This energy is found to be a
function of the fuel oxygen-to-metal ratio (0/M). Increasing the O/M ratio irereases the creep rate, all

N other things being constant. The acti'm. tion energy below the transition stress is given by

% ,'

-

-20
~

Q = 17884.8 exp -8 +1 + 72124.23 (A-6.2)
1 In(x - 2) ,

where

activation energy (cal /mol)Q1 =

oxygen-to-metal ratio.x =

The activation energy of UO abcVe the transition stress i-2

,

Q = 19872{exp- -20
~ 'I

-8 +1 + 111543.5 (A-6.3) i

2 , log (x - 2) , '

Whrit

\ )
activation energy (cal /mol).'

Q: =

|
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The steady state creep rate of UOy is determined usmg

!

4'6
,(A7+A2 exp(-0) /RT) ( A4+A8 2

) )c ' exp(-0 /RT).

*
2

(A3 + D) G A6+D

+A7 o F exp(0 /RT) ( A-6.4 )
3

!

where
:

steady state ercep rate (S'I)e =
, s

0.3919Ag =

1.3100 x 10'I9
'

A3
=

A3 -87.7=

2.0391 x 10-25A4
=

+
A6 90.5=

3.72264 x 10-35^7 =

0.0'

Ag =

,

( .

3fission rate (fissions /m )/s
'

F =

st ress (Pa)o =

T tem perature ( K)=

D density (percent of theoretical density)=

G grain size (pm)=

! Q3 2.6167 x 103 (J/mol)=

universal gas constant (J/mol.K).1 R =
,

'

O
b6
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9. FUEL PRESSURE SINTERING (FHOTPS) (R. E. Mason)

Urania or mixed oxide fuel pellets densify when exposed to sufficiently high hydrostatic pressures
(pressure sintering), high temperatures (thermal sintering), and irradiation. This report discusses a den-
sificatien model based on published out-of-pile fuel pressure sintering data. The pressure sintering model
complements the irradiation-dependent densification model described in Section A-7 of this handbook.

A summary of the pressure sintering model, FHOTPS, is contained in Section 9.1. Section 9.2 describes
pressure sintering theories and examines their applicability to model urania and mixed oxide pressure
sintering data. Section 9.3 describes the development of the FHOTPS model, provides standard error
estimates, and compares FHOTPS calculated results with experimental data. Section 9.4 gives the
FORTRAN computer program listing of the FHOTPS model, and the references are given in Section 9.5.

9,1 Summary

Fuel densificatica in a reactor environment is a function of temperature, stress, and irradiation.
Temperature and stress densificatiori mechanisms are driven by a stress, P, expressed by |

P = P - P. + .2 ( A-9.1)
e a

where

external hydrostatic stress (Pa)P ue
. %../

internal pore pressure (Pa)Pj =
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I
2surface energy per unit area (J/m )y =

grain size (m).a =

Pressure sintering is the dominant densification process if the stress (P - P )is much larger than the sur-e i
face energy stress,2 /a. Densification of in-pile fuel will be dorainated by an external hydrostatic stress, ,

3>

P , when present, because the internal pore pressure, P , and the surface energy stress,2 /a, are generallye i 3

much smaller than the externally applied stress. Over an extended irradiation period and at zero P , thee
internal pore pressure, P , could cause fuel swelling and the surface energy stress could cause some fueli
densification. Ilowever, these changes in fuel volume are small compared with densification caused by
applied stress and are not considered in the deselopment of the PIIOTPS model.

Equation (A-9.1) does not include an irradiation related driving stress it is assumed that the irradiation
densification driving stress wouh be added to the right side of Equation (A-9.1). Since the irradiation den-
sification driving stress is a linear term, it is treated independently as a separate model(the FUDENS model
of M ATPRO I1, Revision 1). The values calculated with the FUDENS model should, therefore, be added
to the FilOTPS model described in this section. The reader should, however, be cautioned that data used
to develop the FUDENS model were in-pile data that may include some pressure sintering effects so that
combining the two model outputs may be conservative. There are no in-pile data available that wi!! allow
separation of these effects.

A lattice diffusion creep equation was fit to the data of Solomon ^-9 3 to give the equation used for
urania in the FIIOTPS model

= 48939 exp(Q /RT) (A-9.2)

w here

here

time (s)t =

temperature (K)T =

grain size ( m)G =

8.314 (J/ mole K)R =

activation energy (J/ mole)Qu =

fraction of theoretical density (enitiess)=

hydrostatic pressure (Pa).P =

The activation energy of urania pressure sintering for Equation (A-9.2) is calculated with the oxygen-to-
metal dependent equation

~20 - 8 ilog(x - 1.999)I
~

Q = R 9000 exp + 1.0 + 36294.4 ( A-9.3)
u llog(x - 1.9994

,,

w ;,:u

oxygen-to-metal ratio.x =
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A-9.2 o give the mixedThe latticc diffusion creep equation was fit to the mixed oxide data of Routbort t

oxide fuel pressure sintering equation

!A)
I dp -71-p ' P -450000 (A-9.4)-- = 1.8 x 10
p dt p; 2exp- R,T .

39

The standard error of estimate for both equations is *0.5% of the calculated density.

Care must be exercised when using these models out of the 1600- to 1700-K and 2- to 6-MPa data base
range. Pressure sintering not represented in the data base may be controlled by a different creep densifica-
tion mechanism, as discussed below. Pressure sintering rates would then be much different than those
calculated by Equations (A-9.2) or (A-9.4).

9.2 Pressure Sintering Process and Data

Pressure sintering or volume creep consists of several modes of creep. One of these modes or creep
mechanisms can dominate the others, depending on the fuel temperature, pressure, porosity, and grain size
conditions as will be discussed below. Equations representing each creep mechanism combined with the

A-9.2 o determine the most probable dominatingtheoretical constants of 002 were used by Routbort t

(contributes the highest densification rate) mechanism under reactor operating conditions. These equa-
tions, their use, and the published experimental data used to develop the FHOTPS model are described in
this section.

9.2.1. Creep Densificatiori. Several distinct mechanisms are observed that contribute to fuel densifica-
tion. These are latdce diffusion (Narbarro-Herring creep), or rate-independent plasticity (yielding or

. [] - dislocation glide).A-9 3 Each mechanism imposes specific stress-porosity-temperature-dependent func-
tions. One or any combination of these creep mechanisms can dominate densification, depei. jing on the( *

grain size stress-porosity-temperature conditions. There is no single mechanism that will always dominate
the densification process. Therefore, an equation representing each mechanism is presented to indicate the
densification parameter dependencies possible.

Pressure sintering by grain boundary diffusion creep (grain boui.dary acting as a diffusion path) is
usually dominant at temperatures less than one half the melting temperature.A-9.3,A-9.4 The densifica-
tion rate by grain boundary cru;p is expressed by

dg = 4.5 6 D Db P
(A-9.5)

dt 3 I - (1 - p)1/3kT b

where .

grain boundary thickness6 =

Db grain boundary diffusion coefficient=

atomic volume.0 =
;

fraction of theoretical densityp =

timet =

l[] T temperature=

)
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applied stressP =

k Boltzman's constant=

grain size.ab =

Pressure sintering by grain boundary diffusion creep can dominate only if the grain sizes remain small,
so that the diffusion paths along the grain boundaries are small.

Pressure sintering by lattice diffusion creep often dominates at temperatures greater than half the
melting temperature and before significant grain growth has occurred. Densificc. tion by lattice diffusion
creep is expressed by

h = 3D D P
*

( A-9.6),

LT b'

w here

D lattice diffusion coefficient.=y

This equation is used to calculate densification by vacancy flow from the surface of a pore to sinks on
nearby grain boundaries.A-9.3

Pressure sintering by power law creep can dominate at high fuel temperatures or pressures. Densification
A-9 4 and by Wolfe andby power law creep (dislocation creep) has been derised by Wilkinson and Ashby

Kau fman. A-9.5 The densification rate equation is

| O
[\2n3|p|fdp SA /Q\ j p(1 - p) l

(^'9' )y = 7-- expD/
-1 - (1 - p) 1/n

-n[ /

,. .

where

sign of pressureS =
;

t

stress and porosity exponentn =

A = constant

power law activation energy (J/ mole).Q =

Equation (A-9.7) assumes steady state creep and densification independent of the grain size, and is valid
even after extensive grain growth.

The fourth pressure sintering mechanism, plastic flow, operates at low temperatures or very high strain
rates, and is defined by the expression

_

a. It was assumed here and in the following equations that the effectne particle radius is the grain size. This is consistent with the
madel that is based on the assumption of about one pore to escry grain in the compact.
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'-3 p

_

O if p 2: 1 - ex y
y,

( A-9.8)=

|
.

i

oo if p < l - exg/-3 P7
( Y ,

where

fraction of theoretical fuel densityp =

yield stress.o =y

Densification by the plastic flow mechanism is assumed to occur instantaneously.A-9.3

The stress dependency of the above equations have been shown by Rossi and Fulrath,A-9.6
and Wolf -9.5 o be dependent on the applied stress and the fuel porosity.hicCelland,A-9 7 Fryer,A-9.8 A t

Porosity in fuel increases stress in the vicinity of the pores, and results in a vacancy concentration dif-
ference between the pore surfaces and the grain boundaries. Various porosity-dependent functions have

A-9.8 is the mostbeen proposed by the above authors, but the porosity-dependent function of Fryer
generally accepted effective stress-porosity-dependent function. The form of Fryer's expression is

f n
p ={I~# (A-9.9)

(p
,-

i w here

effective stressP =

fractional densityp =

1.0.n =

RoutbortA-9.2 found that the porosity exponent, n, of Equation (A-9.9) was not constant for mixed
oxides but varied with the pressure sintering temperature. Routbort mapped pressure sintering of mixed
oxides (determined the most dominant mechanism using theoretical material properties) but used
predominately urania material constants. It was found that the lattice diffusion mechanism dominates
under light water reactor conditions (fuel temperatures between 1100 and 3136 K, pressures < 100 hlPa,
and fuel densities >0.90% of theoretical density). This conclusion, however, must be exercised with cau-
tion because the densification rate equations also depend on the grain size and the oxygen-to-metal ratio
and neither were included in the pressure sintering map analysis. The oxygen-to-metal ratio has been
shown by Seltzer -9.9,A-9.10,A-9.11 to strongly influence the activation energy and thereby drasticallyA
alter the densification rates predicted by Equations (A-9.5), (A-9.6), and (A-9.7).

The final pressure sintering mechanism is lattice diffusion modified to include an effective applied stress.
The expression describing this mechanism is

[d,,g = , 1 - p)n
P

ex (Q/RT) ( A-9.10)
p dt p 2

TGs

i ,

(

|
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w here

A = constant

activation energy.Q =

9.2.2 Pressure Sintering Data. The model presented in Section 9.1 is based on data published in the
open literature that deals with final stage sintering of urania and mixed oxide fuels. The models are based

4-9 I
on the urania pressure sintering data of Solomon and the mixed oxide pressure sintering data of
Routbort.A-9 * Other data are used as comparison data, but fuel resintering data or final stage sintering
data are used because these data most clasely resemble w hat is occurring in a reactor. Measurement techni-
ques and urania and mixed oxide data published in the open literature are presented in this section.

s.2.2.7 Measurement Techniques-Immersion density and specimen length changes are used to obtain den-
sification data. Immersion density is the more accurate t.chniqu:, but only the initial and final densities
are obtained. Densities from specimen length changes pt. wide time-density data and are calculated by

3

( A-9. l l)=

w here

initial fraction of theoretical density (unitlass)p =

final fraction of theoretical density (unitiess)pr =

final length (mm)fr =

initial length (mm).f =

Density char.ges determined from length change measurements have, however, several inherent sources of
error. The most crit. sal error is the apparent length change caused by the test sample seating and changing
alignment durirg the iniual densification. This strain error is highly variable and only affects the initial I to
2ro of sample densification. Creep (nonvolumetric strain) of the sample and loading column is also a
source of error. Routbort, howeser, measured final ssmple immersion densities and final densities from
length change calculations and found only about 5% difference between the two techr.iques.

9.2.2.2 Urania Densifica tion Data-Pressure sintering data of UO3 fuel have been published by
Solomon,A-9 I Kau fman, A-9.12 A ma t o, A-9.13 Hart, A-9 14 ' Fryer, A-9.8 and Warren and
Chalklader.A-9.15 The data of Solomon and Kaufman are resintering data, whereas the data of Amato are
fabrication sintering data.

Solomon measured pressure sintering rates of UO fuel pel r : hat were thermally sintered at 1783 K for2
3 h to obtain pretest sample densities between 92 and 940'o of theoretical density. Pressure sintering tests
were performed at 1673 K for up to 136 h. Since the urania samples were presintered at 100 K above the
pressure sintering temperature, there should be only a small thermal sintering contribution to the pressure
sintering rates. Immersion densities of pretest samples were obtained with an accuracy of *0.5r . Sampleo

integrity was maintained by slowly ramping to the test temperature (1673 K), and then cycling through
. sarious temper sture-pressure test combinations. Experimental temperatures are reported to be accurate to
within *1 K and pressures are accurate to within 0.lr . A summary of experimental conditions is pro-o

vided in Table A-9.1. The pressure sintering tests of Solomon indicate that (a) significant densification
occurred prior to application of pressure, (b) internal pore pressures were possibly influencing the den-
sification rate, (c) pressure sintering rates are approximately linear with applied stress (o .03 o gl.2), andl t

.
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TABLE A-9.I. PRESSURE SINTERI':C DATA :
i

!
n

Pressure Sintering |
, !
i

Presinterint Initial |
Theoretical Crain

Onyren-to- Tewperature Time Density Teeperature Time Pressure Stress Porosity Slee
_ m)(Re f e re nc e tieral Ratio (K) (h) (%) (K) (s) (MPs) F.mynnen t Enronent

,

t'rania Data

5
solomon ^ *I 2.004 + 0.001 17R3 + 1 1 92 to 98 1673 + I O<t<5x 10 -- I.03 < n < l.2 2.7 3. 3 %

A 4.12tanfman -- 202] I2 to 24 80 en 92 2121 -- 3.86 to 3.96.x 10 - -- 10 en 40
|
r

'
" I

Amato " 2.00 -- 6A en 96 1373 to 1471 900 < t < 3600 2.76 en 5.52 ID -- -- --

Mix *d Ontdc
Data

M
h, Routbart ~ * 1.98 + 0.0!" -- -- 90 to 99 1508 < T < 1823 - 7.6 to 76 1.33 2.25 S.0

$c.
Mixed oxide pellets consisted of 25 vt% P oy and 75 wt% U02 (20% P235 enriched).Q a. u

3

|
|

O
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(d) activation energy for specimens at different temperatures and constant density was 0.290 N1J/g. mole.
Solomon, howeser, determined that an activation eneigy of 0.480 N11/g. mole obtained from two isother-
mal tests to be more accurate. Pressure cycling tests also showed that the specimens swelled after the
applied p, enure was remosed and that the applied pressure densification and released pressure-swelling
rates were essentially reversible.

Kaufman- ^ 12 reported urania pressuring data of fuel at initial densities of between 80.7 and 83.7Co

theoretical density. Immersion densities were taken before and after pressure sintering with a 10.2ro
accuracy. The data are intermediate sintering data and can only be used to check the iIlOTPS model
densification rates. The pellets used by Kaufman were sintered at a temperature 100 K less than the test
temperature, but were sintered for a relatisely long time. Thermal sintering contributions should,
therefore, be very similar to the Solomon data. Pressure sintering was performed in a single-action
graphite die, lined with a tungsten foil to minimize the reaction of uranium with the carbon. The uranium
reaction was also minimited bv pressing in a 10-3-Torr atmosphere. Reaction of the urania with the
tungsten foil and the graphiit de may hase occurred, but the extent of in0uence is undetermined.
Tempe ature control was within * Ir . Kaufman observed no densification fiom heating prior to theo

application of the load. Kaufman found stress exponent salues for Equation (A-9.9) between I and 4.5.

A ma to^-9 13 also used a graphite die plunger lined with alumina to obtain hot pressing data. Pressure
sintering tests were performed using a vacuum of 10-5 Torr. Test conditions are listed in Table A-9.l. The
Amato data are also intermediate sintering data plus final stage sintering data. Therefore, the data can
only be used to check tht. densification rates, and not as part of the 1:1101 PS data base. / mato indicated
that trapped gases were af fecting the densification rate, but data backing this conclusion were not
reported.

Fabrication pressure sintering data wer reported by llartA-9 14 and I:ryer. A-9 8 These data include
initial, intermediate, and final stage densifiation. Since densification rate equations will change for each
stage, these data are act useful in the N1ATI'RO modeling effort. Reaction sintering (siatering w hile the
components are chemically reacting) data were reported by Warren and Chalklader.A-9.15 These data are
not appropriate for use in the N1ATPRO modeling effort for the reasons listed abose plus the fact that the
chemical recction affects the sintering process.

9 22.3 Mixed Onide Densification Darn-The results of RoutbortA-9 2 and VoglewedeA-9.16, A-9.17 mixed
oxide pressure sintering data are the only data published in the open literature. T heir mised 06Jc samples
consisted of 15 wtro pug 2 and 75 wtr UO . Tests consisted of presintering each vmple to ano 2
equilibrium density of approximately 90ro theoretical density in a double action punch and t mysten die,
and then applying additional temperature and pressure to esaluate pressure sintering rates. Immersion den-
sities were obtained before and after each test, and specimen length changes were measured during the test.
Pressure sintering data were found to be reproducible to within * 20r . Detailed test conditions foro

Routhort data are provided in Table A-9.l. Routbort found the porosity esponent ranged from 1.5 at
1673 K to 2.25 at 1823 K. 'ressure sintering was aho shown to be a nonlinear function of stress with a
stress exponent of 1.33.

9.3 Model Developmem gr d Uncertainties

The pressure sintering model, FilOTPS, calculates the solume reduction rate of ,ael under hydrostatic
psessures and elevated temperatures. The modelis based on the urania and plutenia data described above
and the semiempirical equation suggested by Solomon, Routhort, and Voglewede. The model simulates the
removal of closed porosity deseloped during fuel pellet fabrication and porosity created by released fission
gases.

Tne appropriate pressure sintering mechanism to model reactor fuel behavior is best determined by com-
paring the demification rates calculated with the theoretical equation of Section 9.2. T he equation
indicating the largest densification rate at expected reactor pressures and temperatures is the best model for
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in-reactor pressure sintering. Routbort performed this analysis for mixed oxides but used mostly UO2
physical constants. Lattice diffusion was determined to be the controlling mechanism. A similar conclu-
sion was reached by Solomon for the analysis of urania densification rates. The lattice diffusion equation
is therefore used as the framework equation for the final FilOTPS equations.

The constants of Equation (A-9.2) were obtained from the general equation for lattice diffusion, Equa-
tion (A-9.10), and the data of Solomon. Determining the constant A of Equation (A-9.10) constituted
equation fitting to the data. Trial and error adjustments of A were made until the standard error of
estimate from Equation (A-9.10) and the data converged to the smallest error possible. The porosity expo-
nent, n, for urania was obtained by using the aserage slope value of 1/p(dp/dt) plotted versus
in [(1 - p)/p]. The aserage slope value was determined to be 2.7.

Equation (A-9.10) was fit to the Solomon data using a porosity exponent of 2.7, an initial grain size of
3.5 m, an assumed activation energy of 0.48 SlJ/ mole, the reported hydrostatic pressure, and isothermal
temperature. This fitted equation calculates a greater densification rate than indicated by the intermediate
stage sintering data of Amato. This is opposite to the expected results because intermediate sintering is
usually faster than final stage sintering. The lattice diffusion equation was therefore refit to the Solomon
data using an apparent activation energy closer to the 0.290 N13/ mote (apparent activation energy obtained
by Solomon from specimen data taken at different temperatures). The activation energy used in the urania
pressure sintering model is calculated with Equation ( A-9.3). This equation and resulting calculated activa-
tion energy were used to be consistent with the FCREEP model of the \1ATPRO package. With the
oxygen-to-metal ratio of 2.004, an apparent activation energy of 0.332 M / mole is calculated with Equa-
tion ( A-9.3). This is relatively close to the lowe.- solomon activation energy. Using this activation energy,
Equation (A-9.10) was fit by trial and error adjustments of constants to fit the Solomon data with a final
error estimation of i0.48r . Calculations using Equation ( A-9.2) compared with data of its data base areo

shown in Figure A-9.1.

The mixed oxide pressure sintering rate equation suggested by Routbort was used as the FilOTPS mixed
- oxide model except that the grain size dependence of the theoretical lattice diffusion equation was included

to be consistent with the urania model. The 0.4-N1J/ mole actisation energy for mixed oxides suggested by
Routbort, with an oxygen-to-metal ratio of 1.98, was used in the model. This activation energy is assumed
not to vary with the oxygen-to-metal ratio because of a lack of data. The porosity exponent is also assumed
constant at 2.25, the value determined by Routbort for samples tested at 1823 K. Although Routbort
observed a temperature dependence of the porosity exponent, a model for the dependence was not
deseloped because the data on which this conclusion is based was not included ii. the published report.

Equation (A-9.10) was fit to the Routbort data using an activation energy of 0.4 $1J/g mole, a porosity
exponent of 2.25, and an initial grain size of 9 m. Constants were adjusted until the smallest standard
error estimate was obtained. The final standard error of estimation is 0.5r . Figure A-9.2 shows a com-o

parison of the mixed oxide densification rates calculated with the FiiOTPS model that correspond with the
Routbort data.

The FilOTPS model calculates a density change rate. These calculations are easily modified to obtain
strain rate by multiplying calculational results by -1/3. This is a result of the following analysis. Using a
fuel mass, g, a change in density can be expressed

g g
V V

1 dp oI
g= g y ( A-9.12)

T
T

w here

final volumeV =

fuel massg =
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Figure A 9.1. Urania pressure sintering rates calculated using the FHOTPS model compared with data.
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FilOT PS

|V initial volume=o

solume of the maw, g, at theoretical densityVT =

time step.at =

tiliminating g and multiplying denominator a.id numerator by V iT F scs

[V - V)
=V1 ( A-9.13)

7( y/
.

o

Awuming that VT a V, then liquation (A-9.13) relates a densification strain rate to a volume strain rate
of

I N I = |[V . V )1"

| at * ( A 9.14)p c: (V jg

This can be reduced to a linear strain rate by the usual assumption that

'h ( A 9.15)=
y

e e

liquations (A 9.2) and (A-9.4) must be used with caution because the models are based on sery limited
data. Iloth equations are based on one data set, and these data cover only a small portion of the
temperatures, pressures, oxygen-to-metal ratios, and grain sites powible in a reactor environment. An
additional concern is that a significant change in any one of these parameters could result in a different
creep mechanism.

9.4 Subroutine FHOTPS FORTRAN Listing

Table A-9.11 is a listing of the FilOT PS model described abose.

9,5 References

A-9. l . A. A. Solomon, N. M. Cochran, J. A. liabermeyer, AI,ide/ing Hot Premng of UOy,
NURiiG/CR PUR-2023 (March 1981).

A-9.2. J. l.. Routbort, J. C. Voglewede, D. S. Wilkinson, "Iinal-Stage Densification of Mixed Oside
Fuels," Journal of Nuclear Afaterials, 30 (1979) pp. 348-355.

A 9.3. D. S. Wilkinson and M. F. Ashby, "The Development of Pressure Sintering Maps," Procee<hnes
of the Fourth International Conference on Sintering and Related Phenomena, Alay 2f>-23.1973.

A-9.4 D. S. Wilkinson and M. F. Ashby, " Pressure Sintering by Pow er 1.aw Creep," Acta
Afetallurgica 23 (November 1975).

A -9.5. R. A. Wolfe and S. F. Naufman, Alechanical Properties of Owide Fuch (LSHR/Lil'H) Deveh>p-
ment Program, WAPD.TM 58 (October 1967).
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TABLE A-9.II

LISTING OF THE FHOTPS SUBCODE

F UNC TION FHO TP S (COMP, FTEMPs HSTRES, GRNSil, FOMe RO)

C F HCTPS = OUTPUT FR ACTI3N AL VOLUME CHANGE R ATE FOR UO2 OR MIXE0
C OXIDES (CHANGE IN D E NS I TY / (!NITIAL DENSITY * SECONDS)).
C

INPUT PLUT0NIA CONTENT (WEIGHT PERCENT).C CUMP =

I NP UT TEMPERATURE OF THE FUEL (K).j C FIEMP =

I NPUT HYDR 3 STATIC STRESS ON THE FUEL PELLET (PA).i C HSTR S =
I C GRNS I = INPUT INITIAL GRAIN SIZE (M IC RON5 ) . |

INPt'T FUEL OXYGEN TO METAL RATIO (UNITLESS).C FOM =

| C RC = I NPUT FRACTION AL FUEL DENSITY (UNITLESS) .
C
C THE DENSIFICAT!3N CALCULATED WITH THIS FUNCTION IS 9 ASED ON
C DATA FROM THE FOLLOh1NG REFERENCES.
C (1)J. L. R CUT 8 0R T , J. C. V0GL EWED E, AND D. S. WILKINSON,
C FIN AL-S T AGE DE NS IF IC A TION OF MI KE D GX IDE FUELSe JOURNAL OF
C NUCLEAR MATERI ALS, 80 (1979) PP 348 - 355.
C (2)A. A. SOLOMON, K. M. COCHR AN AN D J. A. H AB ERM E YER , MODELLING-

W C HDT-PR ESSING OF 002, NUREG/CR PUR-101.-

7 C
C
C F HO TP S WA S DEVELOPE D AND PROGRAMMED BY R. E. MASON-AU30ST 1977.

R C FHOTPS WAS REVIS ED BY R. E. MASON TO INCLUDE NFW DATA
1 C APRIL 1981 (CDR-MP-01).
4 C
' C ST AND ARD ERROR DF ES TI MA TE IS PLUS OR NINUS 0.52 0F THE
R C CALCULATED DENSITY 3 THE S TAND ARD ERROR MUST RE APPLIED
$ C EXIERNAL TO THIS FilhC TI]N ROUTINE.

C
C

8.31432R =

T FTEP.P=

P = HSTRES '

GRN!IZG =

C
A BS ( AL OG ' 0( F OM - 1.9999))X =

9000. 0 / t d xP ( (20.0 - 8. 0*X ) /X1 + 1.0) + 35294.400 =

IF(COMP .GT. 0.0) GO TO 20
C

48939.v((1. - 401/R0l**2.7* P*E X P (-QUIT l /( T*G* G) 3FHOTPS =

GC TG 30 3,

h2C C CNT I NU E
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A-9.13.1. Amato, R. L. Colombo A. M. Petruccioli Balzari, "liot Pressing of Uranium Dioxide,"
Journal of Nuclear Afaterials, 20 (1966) pp. 210-214.

,

't0 and (U .75 Pu0.25) 0 by liot Pressing," JournalA-9.14. P. E. flart," Fabrication of liigh-Densit- 22 O
ofNuclear Afaterials, 51 (1974) pp.199-2ta.

A-9.15. I.11. Warren and A. C. D. Chaklader, " Reactive llot Pressing of Nonstoichiometric Uranium
N Dioxide," Afetallurgical Transactions, I (1970) pp.199-205.4

A-9.16. J. C. Voglewede, Reactor Developn cnt Program Progress Report, ANL-RDP-26 (March 1974).
,

A-9.17. J. C. Voglewede, Reactor Development Program Progress Report, ANL-RDP-29 (June 1974).

.

I

i

|

I

Kj

: 135d Revised 8/81

. __- ._. _ _ _ . _ . _ _ _ _ . _ ~ , , _ . _ _ _ - _ . _ .



FRESTR

10. FUEL RESTRUCTURING (FRESTR) (R. E. Mason)

The morphology and structural integrity of oxide fuel changes while rower is being produced in water
reactors. These changes are a function of time, temperature, burnup, anct energy density. These structural
changes affect the effective fuel thermal conductivity, fuel sweihng, fission gas release, and fuel creep. The
structure of irradiated fuel can be grouped into four categories: as-fabricated unrestructured fuel,
equiaxed grains which are enlarged fuel grains with all sides approximately the same length, columnar
grains whab have their long axes parallel to the radial temperature gradient, and shattered or desintered
grains consisting of fuel grains which are fractured free of bonds to other grains during high power tran-
sients. The physical processes which create restructured fuel and models to predict the modified fuel
structures are discussed in the following sections.

10.1 Summary

The FRESTR subroutine is used to calculate equiased grain site, columnar grain size, and regions of
fuel shattering during normal or transient reactor operation. Grain growth is driven by a potential
difference across a cursed grain boundary or by a temperature gradient but the grow th rate is controlled by
the motion ofimpurities at the grain boundaries. Since impurities and migration mechanisms are probably
the same in UO and (U Pu)O , the model described in the following paragraphs is assumed to apply for2 2
both fuel types.

The growth rate of equiaxed fuel grains is calculated with the expression

1.0269 x 10'I3 t exp ( 35873.2/T) 4 f 1/4
( A-10. 8 )g= +

goh(1.0 - 5.746 x 10-6 )2 TB

where

grain size at the end of a timeinterval(m)g =

grain size at beginning of the time interval (m)go =

time interval (s)t =

T temperature (K)=

burnup(MWs/kg).B =

The standard error of Equation ( A-10.1) with respect to its data baseis 18.4 x 10-6m.

Columnar grains form behind lenticular pores (large lens shaped pores) w hich mose up the temperature
gradient in the fuel at a rate given by the equation

49.22VT exp ( 44980/T)y ( A-10.2)
T'

w here

rate of pore movement (m/s)V =

VT temperature gradient (K/m)=

temperature (K).T =
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i1 A-10.23. F. A. Nicholas, ";neory of Grain Growth In Porous Compacts," Jour.ral of Applied
Physics, 37(1966) pp. 4599-4062.

[m.kj\ .A 10.23 F. A. Nicholas, " Theory of Columnar Grain Growth and Central Void Formation in Oxide
Fuel Rods," Journal ofNuclear Afaterials, 22 (1977) pp. 214-222.
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CESIOD

2diffusion coefficient for the isotope in fuel (cm /s), this constant is calculated by theD =

subroutine from the input maximum temperature
i | |

'

diffusion distance for gas release (cm), this constant is estimated by the subroutine l
" a =

from the input fuel density ,

1

|
.

time since the beginning of irradiation (s), it =

For the shoit.lised iodine and cesium isotopes produced in quantity in light water reactor fuels (1-131,
1-132,1 133,1-134,1 135, and Cs-138), the expression used to predict the quantity of the isotope available
in the steady state condition is

bb

.St. h /DA; + A;) X;
Iall I

Y (A-13.2)

R. = H' Q.732 x 10' O ' '

where the symbols not defined in conjunction with Equation (A-13.1) are

burnup during the step considered (51Ws/kg fuel)all =

duration of the burnup step considered (s)at =

thfission yield of isotope i(atoms of isotope / fission),e s Yi =

i !
Q ,/

mole weight of the isotope (kg/mol)N1; =

the decay constant of the isotope (s-l).Aj =

The diffusion coefficient in Equations (A-13.1) and (A-13.2) is calculated with an exponential expres-
sion which is truncated at low temperatures

6) for T > 1134.054 KD = 6.6 x 10 exp

D = 10 for T s 1134.054 K (A-13.3)

where

the maximum fuel temperature (K) when D is used in Equation (A-13.1) orT =

the current fuel temperature when D is used in Equation (A-13.2).T =

The diffusion distance, a, in Equations ( A-13.1) and ( A-13.2) is obtained from an empirical fit to measured

g' N, values of effectise open surface areas per volume of fuel as determined from gas absorption experiments.
! The correlation is presented in Section !3.2.;.*

v
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The basis for the model is discussed in Section A-13.2. Section A-13.3 is a review of
the predictions of the model. A listing of the CESIOD subcode is provided in
Section A-13.4.

13.2 Development of the Model

At fuel temperatures above 1000 K. gaseous fission products become sufficiently
l

l A-13.2, A-13.3 ]mobile to migrate out of the UO 2 attice in a complex series of processes ,

in the simplest useful approach to model this process the fuel is treated as a collection of
spheres, Fick's law is used to describe the diffusion of fission gases from the UO3 attice,l

and the surface area per fuel volume (or, the ef fective radius of the spheres) is estimated
from gas absorption measurements. This simple approach has been adopted to model the
release of cesium L.id iodine to the fuel rod gap because a more sophisticated treatment of
the dif fusion process is not justified without including complex chemical effects. Exact
models for the amounts of cesium and iodine in the rod gap would recluire consideration of
the chemical interactions of cesium, iodine, /irconium, and oxygen as well as the details of
the diffusion and gas release mechanism.

13.2.1 Derivation of the Mathematical Expressions. The equation which describes
the release of stable or long-lived isotopes by diffusion ist'X-13.3, A-13.4]

h = -07 n + Y g ( A-13.41
at dt

where

n number of atoms of an isotope per unit volume of fuel=

3(atoms /m )

time (s)t =

2D diffusion coefficient for the isotope (m /s)=

fiss va yield of the isotope (atoms ofisotope/ fission)Y =

3
,d f fi%on rate of the fuu [(atoms fissioned /m )/s), deter-=

dt .nined from the burnup rate.

Since Y .f is the production rate of the isotope =, the fraction of the isotopes releasedd
dt

from a sphere of radius "a"(a = diffusion distance for gas release)is[ A-13.3]

t

2
4na (-D U)a dt'arR= ( A-13.5 )

4 3pa Y dd , dt'
O
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j#N The quantity of interest for finding the escape rate coefficient (v) is the ratio, F, of
the isotope release rate to the isotope production rate. Tids ratio for a sphere of radius a is

_ 2 (-D h-)a4na

- 4 3 df (A 13.12)*

T iIt

Equations (A-13.11) and ( A-13.12) can be combined to find an expression for F. The
resultant expression is[ A 13.31

-

1/2 1/2
-

F-= 30 cMh -I (A 13.13)^ a

2 D 0
.

.

Aa -

For A_a2 >> l.0. Equation (A-13.10) reduces to the form used in the model described here:
D

/ , .,3- . (A-13.14)

The :atio, F, of the isotope release rate to the isotope production rate may also be
written in terms of the escape rate coefficient -

vN
*

y dG* ( A-13.15)
N dt

if the steady state form of Equation (A-13-9)is used to find an approximate expression for
N when A >> v, and if the resultant expression for N is substituted into Equation (A-13.15)
one finds

% (A-13.16)
*

Finally, from Equations (A-13.14) and (A 13.16)

v%f (A-13.17)

which is the result obtained by Belle [ A-13.4] ,

Substitution of the approximate value of v from Equation (A-13.7) into
Equation (A-13.10), conversion of the fission rate $_fto a burnup rate, and cenversion of M

dt
3to kilograms of isotope per m of fuel results in Equation (A-13.2). This equation is the one

i
used in the model for the release of the short-lived isotopes of cesium and iodine.

13.2.2 Correlations for Material Constants Used in the Mogi. The correlations used
to obtain the diffusion coefficient for isotopes in the fuel, the diffusion radius for gas

| release, and the fission yields of the isotopes modeled are discussed in this section.
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~Ihe correlation for the dif fusion coefficient used with the model lliquation ( A-13.3)| is the empirical
esprewinn recommended by llelle on page 512 of his resiew.^ 13 4 Recent results hase no' .csn used
because improved salues for the diffusion coefficient are simply not relesant until the improsed techniques
descloped for the anodeling of Xe and Kr can be adopted to proside significant improsement of the basic
esprewions for the release of cesium and iodine.

ihe correlation used for the dif f usion radius in cm is

! I' "I ~ #' I "Na = 3(l'D) 10 (A-13.lM)

w here

ID fractiona! fuel density (ratio of actual desmty to theoretical density).=

.

't he esprewion is taken from the coirelation for free surface area per ur'it volume recommended in
I:igure 9.lM of llelleN resiew.A-13 4 llelle% figure is reproduced as l'igure A 13.1 of this report. t he data
are estimales based ort pas absorption rticasuremetits

'
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Kiukkola -14.37 used emf measurements from galvanic cells to obtain diatomic vapor pressures overA
,_s

urania. Vapor pressure measurements of urania at compositions of UO .01 o UO .67 were obtained at[ ; 2 t 2

\v/ temperatures between 1073 and 1473 K. Here again, only those data points with urania O/M ratios less

than UO .0 were considered.2

Markin and Bones -14.38 used emf measurements of urania with O/M ratios between 2.00 and 2.003 inA
a high temperature galvanic cell. Diatomic oxygen pressures of urania between the temperctures of 973 and
1673 K were investigated. The O/M ratios were controlled and determined by coulormetric titration of
oxygen ions using NiG as a source of oxygen. The main purpose of their investigations was to obtain ther-
modynamic functions and not oxygen vapor pressures so there is very little discussion of the vapor pressure
data. Their data indicate a steep slope (decrease in vapor pressure) as the composition of the urania
approaches stoichiometry. This is consistent with other data in this composition range. These data are
therefore useful in the modeling effor t.

AukrustA'l4 39 determined equilibrium oxygen pressures over hyperstoichiometric urania. The O/M
ratios were determined by a thermogravimetric method and oxygen pressures were determined from known
CO /CO or 0 /Ar gas mixtures and O/M ratio measurements. Data were obtained at temperatures2 2
between 1373 and 1673 K. They report O/M ratios accurate to within +0.0002 and thelog10 oyP accurate

to + 0.02.

The data discussed in this section must be divided into two groups; hyperstoichiometric and
hypostoichiometric. For hypostoichiometric fuel the data of Tetenbaum and !!unt, Markin, Wheeler, and
Alexander are the best available. The data of Javed and Atkins were probably measured under
nonequilibrium conditions and should not be used. For hyperstoichiometric fuel and oxygen pressure data
of Hagemark and Broli are the most extensive and are the best. The rest are within an order of magnitude
of this data and have been used.

. ) 14.3 Development of the FVAPRS Code_t
Q)

The equations used in FVAPRS are based on thermodynamic equations fitted to the data. The following
section is a discussion of thermodynamic and chemical theory and the technique used to develop the
FVAPRS correlations.

14.3.1 Review of Basic Theory. Evaporation is a change in chemical state obeying the !aw of conserva-
tion of mass. Equations can therefore be used to show which elements or compounds could be expected to
be present in the vapor phase above a fuel substrate. Possible reactions of urania are -14.12A

2 g+( )O + a0 (A 14.8a)UO (J) UO

0 (g) + I 2(g) + O{g) + h U(B) ( A-14.8b)UO (#)
-

2 2

fUOg + f UO (g) IA #}UO (g) :
2 3

g + f UO (g) (A-14.8d)"

UO (d)
- U2 3

2 g + e-) (A-14.8e)UO (S) UO
g

]_ UO(g) UO(g) I^'I4'8Il:

\ l
\ s' 2U0 ($) - (UO )2(g) (A-I4 88)2 2
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where the subscript, d, denotes the material is in the solid or liquid phase, and g denotes the gas phase.
T'iese equations apply only in the oxygen solid solution regions of solid and liquid urania. Of these possi-
ble compounds, one is usually much more prominent than the others. Analysis of the data indicates that
for substrate temperatures < 2000 K, the magnitude of the actinide oxide vapors follow the order, PUO >
Tug > PU>PUO , where P is the sapor pressure. At about 3000 K, the order of partial pressures is3
l' U O *PUO > PUO3 * P ; and at temperatures >3500 K, the partial pressure crder is PUO3 >U2

PUO3>PUO > P . TIie oxygen partial pressure at all temperatures i:, generally much smaller than'theU
combmed vapor pressure of the actinide oxides.

For p utonia, the chemical reactions are similar to those oi urania

}"OPuO -.- PuO + +aO ( A-14.9a)

'P ( A- 14.9b)-. T uO (g,, * I ~ N, O (g) + EO(g) + [. Pu(d)PuO (d)2 2 \4 2 2

-.- f PuOPuO + PuO ( A-14.9c)

- f PuPuO PuO (g) I^ I+
3

PuO (d) -*- PuO +(g) + e(g)
~

( A-14.9c)
2 2

PuO(ds PuO(S) ( A-14.9 f) .

-*-

i

2PuO,(d)-- (PuO ),(b ( A-14.9g)3
-

It is experimentally determined that PuO is the prominent species of plutonia up to an O/M ratio of
approximately 1.99, where pug 2 becomes more prominent.

Evaporation can be described by simple thermodynamic considerations of a first-order phase transition
of a pure substance, solid to vapor or liquid to sapor, at constant temperature and pressure. At the phase
transition

dG = dG ( A-14.10)

where

dGg = change in Gibbs free energy for the solid or liquid

dG8= change in Gibbs free energy for the gas.

Since the process is reversible for a first-order phase transition at constant temperature and pressure

dG = V dp - S dT ( A-14. l l)g g g

dG = V dp - S dT ( A-14.12)
8 g 8
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| 15. FUEL VISCOSITY (FVISCO) (C. S. Watson and D. L. Hagrman)
I
.

The function FVISCO calculates the dynamic viscosity of uranium dioxide. The viscosity is one of the
parameters needed to model the motion of fuel during severe core damage.

The model is preliminary because the effects of departure from stoichiometry and the reige of
temperatures where liquid and solid UO can coexist are not modeled. Also, the model does not conshier2
any possible contamination of the molten uranium dioxide. Uncertainty estimates are prosided based on

- the data used in the model.

|

15.1 Summary

Viscosity of uranium dioxide is modeled as a function of temperature, melting temperature (solidus),
and the fraction of the fuel that has liquified. Input arguments describing ISe oxygen-to-metal ratio and
plutonium dioxide content are not used in the current correlations for viscos!!y.

Viscosity is calculated by one of three equations, depending on whether the temperature is below the

[] melting point for uranium dioxide, in the range of temperatures where liquid and solid uranium dioxide

) can coexist, or above this range.(V
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The equation used to model the siscosity of completely liquified fuels is

-2 -6
n = 1.23 x 10 - 2.09 x 10 T ( A-15.1)

g

w here

ng dynamic skcosity of the liquid (Pa.s)=

temperature (K).T =

For solid uranium dioxide, the viscosity is modeled with the expression

n, = 1.38 exp(4.942 x 10 /T) ( A-15.2)

where

dynamic siscosity of the uranium dioxide for temperatures below melting (Pa.s).ns =

In the temperature range where liquid and solid uranium dioxide phases can both exist, the siscosity is
modeled with the expression

f (A-15.3)n = n,(I - 0 + ng

O
w here

dynamic siscosity of the liquid-solid mixture (Pa.s)n =

fuel fraction that is liquid (unitiess).f =

The estimated uncertainty of the salues computed with Equations ( A-15.1) to ( A-15.3) is computed with
the FVISCO subcode but not returned as an output argument. The expressions used for this uncertainty
are

U = n A(1 + |Y - 2 j) (A-15.4)

where

estimated uncertainty (Pa.s)U =

0.33 for temperatures abose meltingA =

0.67 for temperatures below melting

oxygen-to-metal ratio of the fuel (unitless).Y =

Details of the development of the fuel siscosity model used in the FVISCO function are presented in the
following sections. Section 15.2 is a review of the data and Section 15.3 is a discussion of the model
development. The subcode is listed in Section 15.4 and references are prosided in Section 15.5.
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,

- _ 15.2 Fuel Viscosity Data-

J
's-)'a

Viscosities for solid UO , UO .06, and UO .16 ave been reported by Scott, Hall, and Williams.A-15.12 2 2 h
Viscosities for the' nonstoichiometric oxides are lower than the viscosity of UO2 at corresponding
temperatures and could be measured over a sufficient range to establish the following relation for

nonstoichiometric UO2

n, = A exp(-B/T) . (A-15.5)

where A and B are material constants. The viscosity of UO was determined to be 2 x 1011 Pa.s at 1923 K2
and to be in excess of 10l7 Pa.s at 1273 K.

Viscosity data at much higner temperatures were obtained by Nelson.A-15.2,A 15.3 An early measure-
ment (0.145.Pa s at a temperature of 3028 K) was reported to correspond to iricomplete melting of the
sample. Subsequent data (0.045.Pa s at 3028 K and 0.036 at 3068 K) represent a viscous fluid at-

temperatures.below the melt temperature used in the MATPRO Handbook.a These data are not suitable
for use in the viscosity model because all three measurements have indicated viscosities well above the more
extensive measurements at temperatures where the uranium dioxide is known to be completely liquified.

Two useful sources of data with completely molten uranium dioxide are available. Tsai and
Olander 15.4 published data frorn two samples, and Woodley -15.5 ublished more extensive data fromA A p
a single sample. The data are tabulated in Tables A-15.1 and A-15.Il and plotted in Figure A-15.1. The

TABLE A-15.1

VISCOSITY DATA FROM TSAI A!!D ULANDER -15.4A
UO2

}s

d

Temperature Viscosity
(K) (Pa's)

Sample 1 3153 0.00583
3153 0.00739
3153 0.00594
2333 0.00514

3113 0.00628
3113 0.00686
3173 0.00762

Sample 2 3083 0.00921
3188 0.00869
3188 0.00771
3138 0.00781

3328 0.00602
3328 0.00602
3328 0.00765
3248 0.00808
3248 0.00682

3,

a. The melt temperature for UO !s gisen as 3113 K in the PHYPRP subcode of the MATPRO package.%
2
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:

| 1ABLE A-15.II

VISCOSITY DATA FROM WOODLEY -15.5 jA
UO2

;

| Iemperature Viscosity
1 (K) (Pa*s)
!

,

,

,

| 31'3 0.00425
'

3148 0.003654

| 3148 0.00326
! 3193 0.00441
'

3153 0.00434 .

3193 0.00444
3258 0.00420

! 3258 0.00417
! 3258 0.00415 ,

I 3213 0.00426 !
t

i

! 3213 0.00428
! 3218 0.00427
| 3178 0.00432 i

! 3183 0.00436 i
! 2183 0.00434 i

|

j 3163 0.00424
1 3163 0.00420
| 3163 0.00423
| 3150 0.00416
i 3158 0.00428
I |

3163 0.00425 ,

'

3198 0.00417
3208 0.00418

| 3198 0.00419
,

|
'

3263 0.00399

3263 0.00405
3263 0.00402
3203 0.003984

! 3298 0.00395
3303 0.00394

3273 0.00399
3273 0.00398
3273 0.00397

1 3218 0.00409
j 3213 0.00406

i 3218 0.00404
| 3178 0.00412
I 3178 0.00406
i 3178 0.00413
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N Figure A 15.1. Uranium dioxide viscosities measured as a function of temperature.

precision of the data by Woodley is noticeably higher than the precision of the other data, but there is a
larger difference between the two experiments than can be explained by random measurement error. This
difference is discussed by Woodley but no definite reason for it was found. The model developed in the I

next section therefore contains the assumption that the difference between the data of Tsai and Olander
and the data of Woodley is caused by some material parameter that has not been considered (oxygen-to-
metal ratio, for instance).

15,3 Model Development and Uncertainty

The correlation for the viscosity of UO2 below the melt temperature was obtained by solving
Equation (A-15.5) for the values of the two material constants that reproduce viscosity measured by Scott,
Itall, and Williams at 1273 K and the minimum viscosity reported by these authors for uranium dioxide at
1273 K. The fact that this procedure produces only a crude engineering estimate of viscosity is expressed by
assigning a large fractional uncertainty, two thirds, to the predicted viscosity of solid uranium dioxide.

Equation (A-15.1), the correlation for viscosity of liquid uranium dioxide, was obtained from the data
. of Tsai and Olander and the data of Woodley. The less precise data of Tsai and Olander wer, sed because

Woodley used only one sample and the viscosities measured by Tsai and Olander with their samples differ
from Woodley's data by more than the scatter of their measurements.

The traditional Arrhenius relation (Equation A-15.5) was not used to correlate the liquid viscosities
because a simpler linear expression fits the data as well as the exponential form. A linear least-squares fit to

} the data of Woodley (with the two anomolously low viscosities at 3148 K omitted) produced the equation

O
!
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., -6
er = 1.09 x 10 * - 2.09 x 10 T ( A-15.6)
f

The data of Tsai and Olander ticided the following correlation

er = 1.60 x 10 - 2.77 x 10 T. (A 15.7)g

The viscosities predicted by liquations (A-15.6) and ( A-15.7) are compared with the data in
Iigure A 15.2. Ily inspection of this figure,it was concluded that the ben mathematical description of the
difference in the siscosities measured for the different lots of uranium dioside is to awume that the
siscosities of the two different lots differ by an additise constant.a

in order to recognite the more precise measurements of Woodley, yet account for the probable lot to-lot
satiation indicated by the data of both authors, the least-squares fit to the data of Tsai and Olander was
repeated with the added constraint that the <, lope of the correlation match the slope obtained from the data
Woodley. The resultant correlation for the data of Tsai and Olander is

., -sir = 1.38 x 10 * - 2,09 x 10 T ( A 15.8)g

10 , , , , , __

e

'

.
- e8 .

1 . . .
.

_ Equation A-15.7-

f A ~~-e

E 6 -

s . .

*

.
o '

C Equation A-15.6

b 4 [ ~ '-~8 *- L*d -= Dt -a.,j _-_,,
; .

8 *

.$ Tsai and Olander, Sample 1
*

2 - a Tsai and Olander, Sarnple 2 -

e 'oodley

0 , , , ,

3050 3 ;0 3150 3200 3250 3300 3350

Temperature (K)

Figure A-15.2. Data from uranium dioxide samples compared with least squares fits.

a. T he interpactation corresponsh to the assumption mentioned at the end of Section 15.2; the dif ferense in shco*! tics is caused t3
some unknown marcisat parameter of the uranium dioude.
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The final step in the derivation of Equation (A 15.1) was to average Equations (A-15.8) and (A-15.6).

['\. . This step assumes that each lot of UO is equally probable.2
\" The estimated uncertainty of the values of viscosity computed with Equation (A 15.8) was determined

using the assumption that the important difference in the measurements of the two references is the
unknown difference in the two lots of uranium dioxide. The resultant standard desiation is

'

(1.09 x 10' - 1.23 x 10 )2 , (1.38 x 10' - 1.23 x 10'-2 = 2 x 10" Pa.s (A-15.9)o=

which is approximately one-third the predicted value of the siscosity. The increased uncertainty for
nonstoichiometric uranium dioxides shown in Equation (A-15.4) is simply an estimate that has been
included to indicate that the model contains no dependence on the oxygen-to-metal ratio of the fuel.

Figure A 15.3 illustrates the viscosities calculated with Equation (A 15.1) far liquid uranium dioxide.
The dashed lines are the upper and lower uncertainty limits obtained by adding *l/3 of the predicted '

viscosity and an assumed melt temperature of 3113 K.

Equation (A 15.3), which is employed only in the temperature range where liquid and solid can both
exist (for temperatures between the fuel melting temperature and the melt temperature plus the liquid-solid
coexistence temperature range),is obtained from the assumption that the viscosity is the volume-weighted
average of the solid and liquid viscosities in this temperature range.

,

,

10 , , . . r---

h *

V =

8 - 7.73 --- e
" ~

-

-----AL__________-----_=n _ _ _ _

Tr a .

: E
. a

# 6 - 5.79 4 ' ~g
> o

O ^

D 8se F g.g e***
4 - 3.86! 7, *_ _ _ _ _e _ _ _. _ ;_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

*o
M *

G
2 _ _

i

0 i ' ' ' '

3050 3100 3150 3200 3250 3300 3350
4

Temperature (K)

g Figure A 15.3. Viscosities calculated with Equation tA-15.1) Isolid line) and upper and lowsr uncertainty estimates
(dashed lines) compared with data.
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15.4 Fuel Viscosity Subcode FVISCO Listing

Table A-15.Ill is a listing of the IT iSCO subcode.

15.5 References

A 15.1. R. Scott, A. R. Itall, J. Williams, " T he Plastic Deformation of Uranium Osides Abose 800 K,"
Journal of Nuclear Stateri: h, I (1959) pp. 39-48.

A 15.2. W. I Sheely (ed), Quarterly Proxtru Report, July, August, September,196Y, Reactor Fuch ami
Stateriah Development Programsfor i uch ami Sfaterrah Hranch of ULIIT Division of Reactor
Development and lichnoloxy, ilNWI.-1223 (Nosember 1969).

A-15.3. W. I:. Sheely (ed) Quarterly Proeren Report, October, November December,1969. Reactor
Fuch and Stateriah Development Proxrunn for i ueh and Alateriah Hranch of ULIIT Diviuon
o./ Reactor Deveh>pment and In hnology, ilNWI.-1279 (1:chruary 1970). .

|
A-15.4. II. C. Tsai and D. R. Olander,"Ihe Viscosity of Molten Uranium Dioside," Journalv/ Nuclear

Afateriah, 41 (1972) pp. 83-h6.

A-15.5. R.11. Woodley, "I he Viscosity of Molten if ranium Dioside," Journal of Nuc/ car Stateriah, 50
(1974) pp.103-106.
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TABLE A-15.III

LISTING OF THE FVISCO SUBCODE

FUNCTION F VISC0(F TEMP, FDTNT L,F ACMOT )
C

{ FVISCO C ALC UL ATES THE DYNAMIC VI SCOSITY OF 002 FdEL.
C FVISCO = OUTPUT DYN AMIC VISCOSITY (PA*S)
C
C UV ISCO = ES T I MA T E D STAND ARDD ERROR OF F VISC O ( P4 *S)
C ( NOT CURRENTLY RETURNED )
C;

C FTEMP = INPUT FUEL TE MP E R A T UR E (K)
C FOTNTL = INPUT OXYGEN TO METAL RATIO (UNITLESS)
C F AC MOT = INPUT FUEL FRACTION MOLTEN (UNITLESs)
C F ACMOT = 1.0 MEANS F UE L IS ALL MOLTEN'

C F AC MOT 0.0 ME ANS FUEL IS ALL SOLIJ=
l

C
COMMON /PHYPRO/ FTMELT ,FHEFUS ,CT1ELT e C HEFUS ,CTRAN8

8 ,CTRANE ,C TR A NZ ,FDELIA eBU , COMP
g 8 , DE L OXY

N THE PHYPRO COMMON BLOCK IS SET BY A CALL TO THE SURROUTINF PHYPRP,

3 C WHICH IS P ART OF IHE MATERI ALS PROPERTIES P ACK AGE USEO.

C AT THE INEL. QUANTITIES CONT AINED IN PHYPRO USED IN THIS
C SUBROUTINE ARE:

| M C
? C F T MEL T = FUEL MELTING TEMPER ATURE (K)
s C FDELTA = FUEL LIQUID-SQLID COEXISTENCE TEMPERATURE R ANGE (K )' C

C THE EQUATIONS USED IN T HI S FUNCTION ARE SASEC ON DATA FROM:"i

* C (1) R. E. WOODLEY, THE V IS COS ITY OF MOLTEN UR ANIUM OIOX IDE ,
C JOURNAL OF NUCLE AR 1 ATE RI AL S,50,(1974), PP 103-106.

. C (2) R. SCOTT, A. R. HALL, AND J. WILLIAMS, THE PLASTIC
! C DE Fr'R M ATION OF URANIUM OXIDES ABOVE 800 C, JOURNAL OF
. C NUCiEAR M A TE R I ALS ,1, ( 1 ? 59 ) PP 39-46.

C (3) H. C. TSAI AND D. R. O L AN DE R, THE VISCOSITY OF MOL TEN'

C URANIUM DID X IDE,J OURN AL OF NUC LE AR MATERIALS,44e(1972),i

C PP 8 3-8 6.
C

| C CODED BY C. S. WATSON AN) D. L . HAGRMAN OCTOBER 1980
i C
: F V ISCO 1.38 * E XP ( 4 942E+04/FTEMP)=

; IF (FTEMP .LE. FTMELTI G3 TO 120 2
; FVISCO = FVISCO * ( 1. - F AC MO T) + (1.23E-02 - 2.09E-06 * FTEMP) G

# * FACMOT n,

1 O
I

i

I
4
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ZOEMIS
,

;

('] TABLE B-3.V

LISTING OF THE ZOEMIS SUBCODE

k
SUIRouTINE ZoEMIS(CTNAx, ZPCxID, EMISSV)

C ZoEMI$ CA CLATES THE EMISSIVITY CF7HECgADo!NG$URF.CE
^!!P"j^'j'ffAB!,}"1:lai85'd;|I$'.1:1xE"isy'"dIl

^5 ^ c
E

EE"it'ls nll5 "'o -" ^ c ' "
E
C

hbfMffIhkhbhhb$kkkNhhA kkD hk k h!kEh b !ISSVE

E uuEnts . 80%f |I!!!!vi sad!A81ARot'axAf8S 8"1PlatisF""e
C WHEN CONF ARF 0 To IN-RE Actor D AT A (Noi CURRENTLY RETURNLD)

|D= bu bkkb A kk H hKN k

! M"1558|Oftlinlat"! Rat!!R?RoiiEss'""""f"h"!5ittitsal
It!fi' s

( M68 ). SECHoM HMP, gt 8%2*is85'!CREgggjjt
{ N1 !.

BUR! Eft
Ak A. GAkLkCMp PAPER PRESENTED AT

E mE'it3Ili! uI6ft 22CE99aX6W!oRI,"fl191R8'f@hY

f b i N!!!7bENI7NE# P'

o j 48tfilE! 2Po!'d edik'!ETill! !;R
U

3g |gr9gv,.a !!"u9^!.il&e"a'!8.*ZRoxio
jff!koxi ra5 P ' " "5'

3.2 oi 1.2 Es

q ;g g.C..+2E-o!-3.ooEo1.ZRoxio

VWalix itl.1300.> cc n. n
c

failsFFIRissr."'WF @Bemli,i!8slali" " ' " "5c
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So RETURN
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| B-3.4. 3. V. Catheart, Quarterly Progress Report on the Zirconium Metal-Water Oxidation
Kinetics Program Sponsored by the NRC Division of Reactor Safety Research for
April-lune 197A ORNt./NUREG-TM-41 (August 1976).

P,-3.S . Quarterly Technical 1%gic3s Rcpart on Watcr Rcactar Safcty fragrams SpansurcJ
,

by the Nuclear Pegulatory Commission's Division of Reactor Safety Research,
October - December / 975. ANCR-NUREG-1301 (May 1976) p 67.
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4. CLADDING THERMAL EXPANSION AND ITS
RELATION TO TEXTURE (CTHEXP) (G. A. Reymann)

The mode! described herein calculates components of the thermal expansion strain for single crystal zir-
caloy. Ily use of pole figures to ascertain the aserage orientation of single crystals in a multicrystalline
sample, such as rircaloy fuel rod cladding, these single crystal salues may be applied to find the thermal
expansion strain of any sample.

Thermal expansion strain, especially in the diametral direction, is important in safety analyses because it
is a major factor in determining the pellet-cladding gap, and thus the pellet temperature and its stored
energy. Since zircaloy is an anisotropie solid, strain parallel and perpendicular to the basal pole direction
of single crystal grains are needed to find the diametral strain in a multicrystalline sample. The treatment
of this strain as a tensor and the use of pole figures are the primary changes in this version of CTilEXi'.

4.1 Summary

A total of six correlations that are functions of temperature only are used to find the single crystal ther-
mal strains. In addition, basal plane symmetry (eig = '22) is awumed. The model wa developed for
as-fabricated zirealoy-4, but comparisons with zircaloy-2 and tirconium data also show good agreement
for these materials.

The correlations for single crystal thermal strains are

for 300 < T < 1083 K

g , = 4.95 x id' T - 1.485 x IU (11-4.1)e

5 -1
v = 1.26 x 10 T - 3.78 x 10 (11-4.2)
33

w here

egi circumferential thermal expansion (m/m)=

e33 axial thermal expansion (m/m)=

temperature (K).T =

For 1083 s T s 1244 K

2.77763 + 1.09822 co - x 10' (11-4.3)e g,=

- 1083 ' -3+' # *' (
(33 161

.

*

~

where the arguments of the cosmes are m radians.

I:or T > 1244 K

e , y = 9.7 x 10 T - 1.04 x 10' (11-4.5)
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-6 -3

33 = 9.7 x 10 T - 4.4 x 10 (B-4.6)e

To obtain cladding strains from these single crystal strains, it is necessary to do a volume-weighted
averaging over the entire cladding section. Such an averaging requires a pole figure and is described in
Section B-10. The results are

2 2
g y > = < sin c > eg + < cos 6 cos c > eg + < sin 6cos c > c33 I"<e

. , , , 2
g > = < cos'c p eg + <cos 6 sin'c> eg + < sin Osin o > <33

*<e

33 " #5I" ## 'n + #' ' 0# '33<e #

w here primed strains refer to the laboratory system (cladding and unprimed strains to the single crystals)

6 angle between the radial direction of the cladding and ~ c c-axis of the single crystals=

angle between the circumferential direction of the cladding and the projection of thec =

e-axis at a grain onto the circumferential-axial plane at the cladding

volume-weighted aserage of a.<a> =

As an example, the strains for a typical light water reactor (LW R) cladding tube (zirealoy-4) are, for
T < 1083 Kc

, > = 7.09 x 10 T - 2.13 x 10' (B-4.10a)<e

-6
< < , > = 5.41 x 10 T - 1.62 x 10 (B-4.10b)

.

33 > = 1 - .00 x 1[ (B4100<e

Section 4.2 contains a review of the literature consulted. The model development is given in Section 4.3,
and Section 4.4 contains a model-data comparison with an uncertainty analysis. The CTIIEXP listing is
gisen in Section 4.5 and Section 4.6 contains the references.

4.2 Review of Literature

The most important source is the model on cladding plastic deformation, Secticn B-8, where the
volume-weighted averages of the direction cosines for typical LWR cladding are given. These averages

Bwere used with thermal expansion data from a recent EPRI report by Bunnell -4 3 to make the basic
model. Since Bunnell does not report data in the beta phase (T > 1244 K) for circumferential expansion,
the data can be used only for an alpha phase model. The EPRI data do r.ot show e or e,, equal to zero at
300 K, and therefore each point was shifted by an amount such that this recuirem,yent wTs met. To deter-
mine the validity of the resulting data, they were checked against the older data sources of Douglass,ts4.2
Nichan and Wiesinger,B-4.3 Scott,B-4.4 and Kearns.B-4.5 The correlations given here compare well with
those of Douglass and Kearns as shown in Figures B-4.1 through B-4.4. The Niehan and Wiesinger data are
for plates. To be compared with Equations (B-4.1) and (B-4.2), these equations must be conserted from
single crystal form to plate form. Since N1ehan and Wiesinger give no detailed texture information, typical

Bvalues for texture coefficients from llann -4.6 were used. The results are shown in T able B-4.1.
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Figure B-4.1. Comparison of CTHEXP prediction with Douglass' data in the axial direction.

The differences shown in Table 114.1 can be easily explained by the unknown texture differences
between the samples from which the data sets were derised.

All data sets had to be adjusted to give .1L = 0 at 300 K. T his was done by adding or subtracting the
strain ai 300 K. This technique is not exact for engineering strains but results in negligible error when the
strains are small, as in the case here.

These comparisons show that in the alpha phase, the llunnell data are adequate. Theref ore, this data set
is used as the data base in the low temperature (T < 1083 K) range.

In the transition region between the alpha and beta phases (1083 s T s 1244 K), the volume strain was
found using lattice constants for alpha zirconium from Douglass and for beta zirconium from Kittel.Il4 7
This strain was div ded by 3.0 to find an approximate linear strain, which was assumed to be equal in alli

three directions. A cosine function was fit to their strain to match the salues at the end of the alpha phase
and the bcginning of the beta phase. For the beta pha;c, the coefficient of expansion for zir. onium from
Skinner and Johnstonll4 8 was used.

The correlations for T > 10?3 K are approximate. Ilowever, at these temperatures, the cladding is so
soft that typical in-reactor stresses cause a significantly greater strain than the strain due to thermal
expansion.
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Figure B-4.2. Comparison of CTHEXP prediction with Douglass* data in the circumferential direction.

4.3 Model Development

The model development is divided into three sections, depending on the temperature: an alpha phase
model, a transition phase region, and a beta phase region.

4.3.1 Thermal Expansion in the Alpha Phase. The basic equations used to model thermal expansion
in the alpha phase are tensor transformation equations relating cladding strain components to single
crystal strain components, and parameters that describe the distribution of grain orientations in the clad-
ding. The model is based on measured thermal strains in two directions for cladding with known texture.
The inverse of the transformation is used to deduce single crystal thermal expansions from data.

Since strain is a second rank tensor, it is necessary to do a formal rotation of axes to describe single
crystal strains viewed from a laboratory system. The rotation is shown schematically in Figure B-4.5,
which was taken from Section B-5. To derive the various tensors, first consider the transformation
necessary to obtain the laboratory unit sectors expressed in terms of the single crystal unit sectors. Since
the single crystal is isotropic in planes perpendicular to the C-axis, assume for this transformation that the
Y-axis (single crystal) is in the same plane as the C-axis and the radial direction of the tube. Primed coor-
dinates refer to those fixed in the laboratory system, and unprimed coordinates to those fixed in the single
crystals. The resulting tran:fermation is

$' = sinc 2 + cos0cosc 9 + sin 6cosc 2 (B-4.11)

y' = -cos0 x + cos6 sinc y + sin 6 sinc 3 (B-4.12)

2' = -sin 0 y + sin 6cos6 2 (B-4.13)
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Figure B-4 3. Comparison of CTHEXP predictions with Kearns' model in the axial direction.

where # and c are defined in Figure 11-4.5.

Equations (11-4.11) through (11-4.13) show a first rank tensor transformation.

ni n

s. = c..x. (ll-4.14)
i IJ J

where e;j is the transformation coefficient.

The corresponding transformations for strains (2nd rank tensors) are

3 3

<; = { { C;sCe (11-4 . 1 5 )pg
s=1t=1

w here

Cis coefficient from the first order tensor transform [ Equations (11-4.11) to (11-4.13)].=

For example, C i = sinc Cl2 = cosucosc, and Cl3 = *i"#Cose-

Ag>i4;ng liquatian (!! 4.15) ta find < y gi*. c3

'll *I 11'11 + 12 11'21 * 13 11 '31 11 12 ' 12 + C , y c+
11 l2 '22

13 12 '32 11 13'13 + 12 13 '23 + 13 13 '33' I+ *

244 Resised 8/81



- _ _

CTilEXP

Temperature (K)
/'g 1400 1600 1800 2000 2200

10 13, , , , , , , , , , , , , , ,

9 - Axial - 12

Diametral
8 - - 11

k7 -
b

-

10 E
E ~

En /
- 9n66 - / p

/ s o-

/ / O
5 ~

/ /
' 8o e

! L' 84 /g / - 7
9 g-

#''N /U S$
3 - p'/ \ / / - 6w

/ /s's g
/ /\

2 - s' \ / - 5
's' \'/

1 - s' - 4

0 8 I I I I I I I I I i 8 8 8 3
200 400 600 800 1000 1200 1400 1600 1800

IN E L- A-9919Temperature (K)
|
i Figure B4.4. Comparison of CTHEXP predictions with Keare *el in the circumferentia' direction.

t

| \ TABLE B-4.I

COMPARISoll CF PEEAN AND WIESINCER PLATE EXPANSION WITl! "ATPRO PODEL

Difference
Direction Mehan and Wiesinger MATPRO Model ( 7. )

Longitudinal 4.62 x 10-0 5.41 x 10-6 -14.60

Transverse 6.58 x 10-6 7.10 x 10-6 -7.32

Substituting the appropriate C..s into Equation (11-4.16) gives
')

* , ,

e = sin b eg g + cosocoscsind eg + sin Veoso e ,gg 3

, , ,
'

t :inccedecsc eg + cc: 9:c:'c cgy 32
i sinoces~ccci.9 c

+ sin 6cos6sino e;3 + cosecoscsino e23 + * " ' ' #'33 *

The volume-weighted aserages of the strain tensors are needed. These are gi ren by
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Figure B-4.5. Angles and orientation of the unit cell of zircaloy relative to a system of coordinates fixed in the lab
frame of reference.

' ('.

| e.. (0,o) p(0,o) sino d6 dc (14d.18)<e..>

= ]O }O
tj IJ

where
. .

volume fraction weighted aserage of e.. (num)<e..> =

IJ IJ
,

thermal expansion str .in (m/m)e . .(0,c) =

IJ

solume fraction of grains with their C-ases oriented in the region sinu du dcp(0,c) =

about 6 and o.

Putting Equation (11-4.17) into Equation (11-4.18) gives

2r r

,> = <,, sin op(0,c) sin 0dedc<<

0 0

2r r

cosveoscsincp(0,c) sin 0d0dc+ <3,
Y

~

doo
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1~- 2r x

sin ecoscp(0,c)sinededd + ... (B-4.19)+ e ,J7 3
J\j O 0

Theintegral (" r*sin 2cp(0,&)sined0d& = < sin 6 >, the volume-weighted average of sin 6. Similarly, -2 2

dO 0
the m. tegral

F * f''
sin ecos4p(0,6)sinededc = < sin ecosc> = < sin 0> <cos4> = 0.0 (B-4.20)

J dO 0

because averaged over the 0 to 2r interval, cos& equals 0. In the same way sinc, sine, and cose are zero.
. Only a squared function has a nonzero average. These averages may be found with the CTXTUR subcode
of Section B-10 using a pole figure for input texture information.

All nine of tensor elements <eI.> may be found using Equations (B-4.15) and (B-4.18). The only
nonzero ones are listed in Equations (B-4.21) through (B-4.23).

2 2 ' 2 2
< e , > = < sin c > e , + < cos ecos'd > eg + < sin ecos c > c33 I '}g g

'2 2 2 2 2Aeg > = < cos 6 > e , + < cos osin 6 >eg + < sin Osin & > e33 I 'g

f k

<e33> " # 5'" ' 22 + ' 33 * ( I< ' '

From Section B-8, the coefficients of the strains in Equations (B-4.21) to (B-4-23) may be found for the
cladding used by Bunnell. Substituting these values into Equations (B-4.21) to (B-4.23),
Equations (B-4.24) to (B-4.26) are obtained.

< e , > = 0.18 e , + 0.54 eg + 0.28 e33 (B424)g g

t
1 ,.

g > = 0.82 e , + 0.12 eg + 0.06 c33<e I Ig

<e33 > " '

'22 + O M e33 ( 26)

In a single crystal, the circumferential strain, eg g, is equal to the diametral strain, c22, so
Equations (B-4.24) to (B-4.26) reduce to

. : c , , > = 0.72 e , + 0.28 c33 (B-4.27)g

> = 0.94 e , + 0.06 e33<e I Ig

( <e 3 > = 0.34 egg +OMc33 (B429)
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Bunnell's data were taken in the laboratory frame. Therefore, Equations (11-4.27) to (B-4.29) must be
inverted to find the single crystal strains in terms of the cladding strains

e , , = -0.27 < c , > + 1.27 < c > (11-4 . 3 0 )

c =A2Ney , > - 3.2 y> M3033

3=c,, ( B-4.32)e

!!unnell's data, adjusted so the strain is zero at 300 K, are given in Tables B-4.Il and 11-4.111 for
circumferential and axial thermal expansion, respectively.

Using the data listed in these tables, the next step is to find the single csystal strains as a function of
temperature. Since temperature in the two tables do not always correspond, it was necessary to use
Bunnell's correlations, which he used to fit those data, again adjusting them so the strains are zero at
300 K. A least-squares fit was done, with the constraint that the strains are zero at 300 K. The results are

-6
e = 4.95 x 10 T - 1.485 x 10' (11-4 .3 3 )gg

33 = 1 6 x M T-W x M M 34e

w here T = temperature (K).

Equaens (11-4.33) and (B-4.34) are the model for the alpha phase of zircaloy single crystals. If one has a
pole figure lor cladding, Equations (B-4.18) to (11-4.20) may be used to find the cladding thermal
expansion, remembering that e22 = e g1

4.3.2 Thermal Expansion in the Transition Region. To obtain single crystal thermal expansion, both
the axial and circumferential cladding thermal expansions are necessary. While axial data in the transition
region are as ailable, circumft atial data are not. Due to this lack of data and the insignificance of hermal
strain at these temperatures, an approximation was made.

For zirconium in the alpha phase at i123 K, the Douglass -4.2 correlation gises the lattice constants asB

e = 5.193 x 10-10 m and a = 3.245 x 10-10 m, gising a volume of 47.356 x 10-30 3 IIm . Kittel -4 7 gives
the lattice constant for beta /irconium at the same temperature as 3.61 x 10-10 m, implying a unit cell
volume of 47.(M6 x 10-30 3m . This decrease in solume as the material changes from the alpha close-
packed structure to the generall;, more open beta body centered cubic is surprising, although it has been
reported by many investigators.II-4 2 II-4 4.II-4 8 The solume strain is -0.66''o, in good agreement with
Skinner and Johnston.II-4 8 To model the transition region, it is assumed that each dimension contributes
equally to this volume strain

al 1 AV I 3.1 x 10 -3= 2.196 x 10 (B-4.3 5)p = 77 = 3 3
"

3.61 x 10

w here

change in length (m)al =

reference length (m)l =o
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TABLE B-4. II/

\
-BUNNELL'S CIRCUMFERENTIAL THERMAL EXPANSION DATA

iTemperature: * 11 * Temperature 11 *
(K) (unitiess) ~(K) (unitiesa)

394.15 1.806. 616.15 2.326
398.15- 1.136 620.15 2.516
401.15 1.266 625.15 1.916
405.15 0.716 627.15 2.926

439.15 1.336 663.15 2.636
444.15 1.516 667.15 2.826
444.15 2.206 671.15 2.226
447.15 0.926 673.15 3.396

481.15 1.616. 700.15 2.986
-485.15 1.786 712.15 3.126
488.15 1.196 716.15 2.516
488.15- 2.196 718.15 3.736

523.15 1.876 751.15 3.266
528.15- 2.016 755.15 3.456

3 531.15 1.416 759.15 2.856
' 532.15- 2.516 761.15 3.916

568.15 2.096 794.15 3.646
} 572.15 2.216- 797.15 3.756
i- 577.15 1.626 802.15 3.166
: 579.15 2.77: 804.15 4.346
!

j 836.15 4.026 964.15 4.806
i .840.15 4.096 969.15 5.026
! 844.15 3.476 972.15 4.376

846.15 .4.396 975.15 4.676
4

.

878.15 4.086 1008.15 5.006
i 881.15 4.436 1013.15 5.326
" ob3.15 3.786 1017,13 4.656
i 888.15 4.506 1019.15 4.616
i

920.15 4.606 1044.15 4.736
925.15 4.716 1044.15 4.8764

-929.15 4.136 1044.15 5.646,

931.15 4.706 1G44.13 5.406
,

i -

p,

. \ h
; . -v
A
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TABLC B-4.III

|
Bl!!!!' ELL'S CIRCt!!TEREt:TI AL Tile 141AL EXPAt' Site!' DA1 A,

a

x 10' 10 "! c c x
3enperature 11 .l empe ra tu re 114

| (K) (unitless) (K) (unitiess)
,

!

| 376.15 0.461 '69.15 1.321
j 380.15 0.421 569.15 1.621

{ 289.15 0.531 573.15 1.311
; 396.15 0.461 579.I5 1.631
; 296.15 0.611 581.15 1.401

!
t 3.15 0.481 588.15 1.731

403.15 0.501 399.15 1.451
! 406.15 0.481 604.15 1.661
| 411.15 0.581 604.15 1.811
i 421.15 0.591 613.15 1.901
1
4

i 424.15 0.661 616.15 1.571
428.15 0.741 620.15 1.341
436.15 2.061 627.15 1.551;

| 441.15 0.681 629.15 1.461

| 444.15 0.811 630.13 1.921
i

! 445.15 0.671 646.15 1.701
449.15 0.691 646.15 2.031
45. '5 0.901 651.15 1.851

1 462,t5 0.941 053.15 2.I11

| 466.15 0.801 663.15 1.84 1

. '; 3 .15 0.901 663.15 2.031'

477.15 1.031 671.15 2.151
482.15 0.901 673.15 1. : 31
489.15 1.121 675.15 1.871,

.! f.90.15 0.911 686.15 . 221
;

I

{ 496.15 t.201 691.15 1.991
j 304.15 1.201 694.15 2.271
! 506.15 1.021 697.15 2.221

| 511.15 1.181 704.15 2.061
! 512.15 1.251 707.15 2.111

'

|
f 523.15 1.111 711.15 2.351
| 524.15 1.351 718.15 2.101 t

| 531.15 1.451 721.15 2.111
! 532.15 1.101 720.15 2.401
f 535.15 1.131 833.15 2.511

O
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\ / 1BLE B-4.III (continued)m ,/

Temperature 11 * Temperature 11 *
(K) (unitless) (K) (unitless)

540.15 1.431 734.15 2.251
548.15 1.481 738.15 1.051
550.15 1.211 740.15 2.481
557.15 1.441 749.15 2.531
563.15 1.581 750.15 2.381

760.15 2.351 930.15 3.281
763.15 2.321 932.15 3.221
764.15 2.631 932.15 3.471
771.15 2.691 946.15 3.431
776.15 2.481 948.15 3.601

782.15 2.721 955.15 3.661
790.15 2.751 961.15 3.741
794.15 2.591 963.15 3.521
804.15 2.611 964.15 3.691
804.15 2.811 973.15 3.541

(3) 806.15 2.601 973.15 3.74 1
/

'

\s_ / 812.15 2.851 975.15 3.451
819.15 2.721 991.15 3.671
826.15 2.961 99. 15 3.801
828.15 2.941 99F 3.931

835.15 2.781 1003. s 3.581
843.15 3.031 1007.15 3.781
844.15 2.821 1007.15 3.851
848.15 2.761 1015.15 3.941
851.15 3.081 1017.15 3.801

862.15 2.961 1021.15 3.711
868.15 3.171 1032.15 3.901
869.15 3.191 1035.15 3.961
877.15 3.051 1042.15 4.181
878.15 3.181 1044.15 3.671

882.15 3.261 1047.15 3.821
886.15 3.061 1048.15 4.041
889.15 2.941 1052.15 4.071
800.15 1.3?! 1n57.15 4.471
904.15 3.181 1052.15 4.161

A
( )

'

L/
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TABLL B-4.III (continued)

O
' '-3 ~3

x 10 c x 10Temperature ~ 1i lenperature 11

(K) (unitless) (K) (unitless)

908.15 3.401 1054.15 / 341

910.15 3.401 1084.15 W i

919.15 3.291
919.15 3.381
923.15 3.461

3.1V change in volume (m )=

3V reference volume (m ).=o

At the start of the transition (T = 1083 K), from I!quations (11-4.33) and (11-4.34)

= 3.88 x 10'e,

= 9.87 x 10'e y
|

| and at the end of the transition

= 1.68 x 10'e,

y) = 7.67 x 10'e

A simple pair of correlations fit these numbers

for 1083 s T s 1244 K

~

\' -3
e,, 2.77763 + !.09822 coj/T - 1083= a x 10 (11-4 . 3 6 ),g

- 1083 ~ ,

. 6758 + 1.09822 cos x x lu (11-4 .3 7 )e =
33 ,g

where the arguments of the cosines are in radians. There are more significant constants in
Equations (11-4.36) and (11-4.37) than in other parts of the model to avoid discontinuities, not to reflect
more accurate data.

4.3.3 Thermal Expansion in the Beta Region. For the transition .gion, there are insufficient data to
construct a detailed model for the thermal expansion in the beta region. Ilowever, the strain d ie to thermal
expansion is relatively unimportant to the total strain at these high temperatures. The model for

3

T > !244 K hueel on 'ha espansivity for rirconium reported by Skinner and .lohnston.'I-4 8 is

-6 -'

e = 9.7 x 10 T - 1.G4 x 10 * ( 11-4 . 3 8 )
1I

-6
e = 9.7 x 10 T - 4.4 x 10' (11-4 . 3 9 ).

33
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4.4 / Model-Data Comparison and Uncertainty |. . ,

\

' The only data to which the model is compared are from Bunnell's correlations in the alpha phase. The
f predictions of the model using Equations (B-4.33) and (B-4.34) are compared with the data predictions in
, Tables B-4.IV and B-4.V using Bunnell's correlations and Equations (B-4.30) and (B-4.31). The first table
. is for circumferential strain and the second is for axial strain; both tables are for a single crystal.

<

TABLE B-4. IV

COMPARISON OF MODEL PREDICTIONS AND BUNNELL'S ALPIIA
PilASE DATA IN Tl!E DIAMETRAL DIRECTION

*11 x 10~ c x 10~
g . Bunnell-Model

Temperature (model) (Bunnell)
(K) (unitless) (unitless) Mouel

i

300 0 0 --

400 0.0007 0.0009 0.28
500 0.0014 0.0016 0.14
600 0.0021 0.0022 0.05

700 0.0028 0.0028 0.00
'800 0.0035 0.0035 0.00
900 0.0043 0.0043 0.00

1000 0.0050 0.0050 0.00V 1100 0.0057 0.0055 -0.04

.

TABLE B-4.V
.

COMPARISON OF !!ODEL PREDIC' LIONS AND BUNNELL'S ALPilA
Pl!ASE DA'IA IN Tl!E AXIAL DIRECTION

'l l * 'll x 10 Bunnell-Model
Temperature (mode 1) (Bunne11)

(K) (unitiess) (uni t. le s s ) Model

300 0 0 --

400 0.0005 0.0006 0.20
500 0.0011 0.0011 0.00
600 0.0016 0.0016 0.00

700 0.0022 0.0021 -0.05 i
800 0.0027 0.0027 0.00 )
900 '0.0032 0.0032 0.00

n 1000- 0.0038 0.0038 0.00
1100 0.0042 0.0045 0.07

O
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From these tables, the aandard error of estimate is it:Wo for the circumferential direction and 88'o

for the axial direction. These uncertainties are somewhat artificial since the model is compared to its own
data base.

In the transition region and the beta phasc, the uncertainty is expected to be much larger. An uncertainty
of * $0To was arbitrarily assigned to these regions until appropriate data are available for a better model.

4.5 Cladding Thermal Expansion Subroutine CTHEXP Listing

A listing of the FORTRAN subroutine CTiiEXP is given in Table B-4.VI. The expected uncertainties
are computed within the code but not returned. In a future simultaneous revision of this suoroutine and
codes which use it, all uncertainties will be stored in a separate common block.
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(November 1965) pp.17-18.

B-4.6. C. R.11 ann et al., Transient Deformation Properties of Zircaloyfor LOCA Simrdation, NY-526,
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B-4.7. C. Kittel, Introduction to SolidSrate Physics,3rd Edition, New York: John Wiley and Sons, Inc.
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B-4.8. G. B. Skinner and 11. L. Johnston, " Thermal Expansion of Zirconium Between 298 and
1600 K," Journal of Chemical Physics, 21 (August 1953) pp.1383-1384.

@
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TABLE B-4.VI

LISTING OF THE CTHEXP SUBCODE

SUBROUTINE CTHE XP ( CD S T 12, C O S F I 2, C T EMP , S T RNil , S T R122 , S T R N 3 3 )
C
C CTHEXP C ALCULATES THE THERM AL EXPANSION S TR AIN FOR A PIECE OF
C ZIRCALOY CLADDING AS A FUNCTION OF TEMPERATURE AND OF CLADDING
C TEXTURE.
C

OUTPUT THERMAL E XP AN SIO!: STRAIN IN THE CIRCUMFERENTIALC STRNil =

C D IR EC TI ON (M/M)
C STRN22 = OUTPUT THERMAL EXPANSION STRAIN IN THE AXIAL
C D IR EC T I ON (M/M)

OUTPUT THERMAL EXPANSION STRAIN IN THE THICKNESSC STRN33 =

C D IR EC T I ON (M/M)
C

INPUT CLADDING TEMPERATURE (K IC CTEMP =

INPUT VOLUME FRACTION WEIGHTED AVERAGE OF THE SQUAREDC COSFI2 =

C SINE OF PHI (UNITL ESS)
C COSTH2 = INPUT VOLUME FR AC TION WEIGH TLD AVER AGE OF THE SQUARED

> o C COSINE OF THETA ( UN I TL ES S )

b VALUES FOR COSFI2 AND COSTH2 MAY BE OBTAINED THROUGH USE OF THE
C SUPROUTINE CTXTUR
C

f C THESE CALCUL ATIONS ARE B AS ED ON DATA AND TECHNIQUES IN THE
5. C FOLLOWING SOURCES

(1) L.R. B U NNE L L ET AL, HIGH TEMPERATURE PR OP ER T I E S OF ZIRC AL0f-
T C OXYGEN ALLOYS, EPRI NP-5 2 4 ( MARCH L977).
$ C (2) 0.L. DOUGL ASS, "THE P HYSIC AL MET ALLU RGY OF ZI RCij NI UM", A TOMIC

C ENERGY REVIEW,1,s4 ( DECEM BE R 1963).4

C ( 3) C . KIT T EL, INTRODUCTION TO SOLID S TA TE PHYSICS, 3RD EDITION,
C NEW YORK, JOHN WILEY AND SONS INC., 1966.
C (4) G.B. SKINNER, H.L. J OHN S T ON, " THERMAL E XP AN SION 05 ZIRC ONIUM

7
- C BETWEEN 298 AND 1600K", JOURNAL OF C HEMICAL PHYSICS.21 (1953)

C
CTHEXP WAS CODED BY G. A. REYMANN JANUARY 1980.{

C C ALCUL ATE SINGLE CR YS TAL ST R A IN S,

; C STRS11 = SINGLE CRYST AL STRAIN PERPENDICULAR T3 T4 E C- AX IS
SINGLE CRYSTAL STRAIN AL ONG THE C-AXISC STRE33 =4

C Tb8 3. 0) G O T O 10 :MPT =

IF(T .GT. I
IF(T .GT. 1244.0) GO (0 20 @

C m
,

!
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TABLE B-4.VI (continued)

4.95E-06*T - 1.485E-03STRS11 =

1.26E-05*T - 3.780E-03ST RS 33 =

GO TO 30
C

10 S TRS 11 = (2.77763 + 1.0 9 82 2* C OS ( ( T -10 8 3. 0 ) * 3.1415 9 3 /161. 0 ) )
STR$11 STRS11*1.0E-33=

(S.76758 + 1.09822*COS((T-1083.0)*3.141593/161.0))S TR S3 3 =

STRS33*1.0E-03S TR S3 3 =

GC TO 30
C
20 STRSil = 9. 7 E-0 6 * T - 1. 0 4 E-0 2

STRS33 9. 7 E-0 6 * T - 4.4 0 E -0 3=

C
C CALCULATE CLAD 0ING STRAINS USING S INGL E CR YSTAL STRAINS

30 STRNil = ( C OSF [ 2 +C U S TH2 * (1. 0-C0 S F I 21 ) *S T R S 11
'g a + ( 1.0-C OS TH2 ) * ( 1. 0-C OS F I 2 ) *S TR S 33

( 1. 0-C O S F I 2 + |0STH2*COSF(2)*STRSilST RN22 =

s + (1.0-COSTH2)*COSFI2*STRS33
x C
2 STRN33 ( 1 0-C OS TH 21 *S TR S 11 + COS TH2 * STRS 33=
7 .

E C UST RN 1 = U NC ER T A INTY IN THE TUBE C IRCUMF E R E NT I AL THER1AL STRAIN
UNCERTAINTY IN THE TUBE AXIAL THERMAL STRAINx C USTRN2 =

x C USTRN1 0.12*i TR N11=
~

USTRN2 0.08*STRN22=

RETURN
EhD
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5. CLADDING ELASTIC MODULI (CELMOD, CSilEAR.and CELAST)

(D. L. llagrman)

Elastic moduli are required to relate stresses to strains.The elastic moduli are defined
by the generalized form of Ilooke's law as elements of the fourth rank tensor which relates
the second rank stress and strain tensors below the yield point. In practice, cladding is
frequently assumed ta be an isotropic material. In such a case only two independent clastic
moduli are needed to describe the relation between elastic stress and strain. These two
constants, the Young's modulus and the shear modulus, are calculated by the functions
CELMOD and CSilEAR. Elements of the tensor necessary to describe anisotropic cladding
are calculated by the subroutine CELAST.

5.1 Summary

Cladding clastic moduli are affected primarily by temperature and oxygen content.
Fast neutron fluence, cold work and texture ettects are also included in the models
described herein but they are not as important as temperature and oxygen content for
typical light water u ctor fuel rod cladding. The models are based primarily on data
published b Bunnell et all B-5.1 1, F sher and Renken[ B-5.2 ] Armstrong and
Brown [ B-5.3 | y

,

, and Padel and GrofflB-5.41 s nce these data include the best description of
texture for the temperature range in which they were used. Data from several other
sources [B-5.5 to B-5.11) are used to evaluate the expected standard error of the CELMOD
and CSilEAR codes and to estimate the effect of fast neutron fluence [B-5.121,

The expressions used in the CELMOD subcode to calculate the isotropic Young's
modulus are:

(1) In the alpha phase

I1 7
Y = (1.088 x 10 - 5.475 x 10 T + K) +K 2 3

(2) In the beta phase

11 7Y = 9.21 x 10 - 4.05 x 10 T (B-5. l b)

(3) In the alpha + beta phase

Y The value obtained by linear interpolation of values=

calculated at the alpha to alpha + beta and the alpha + beta
to beta boundaries

O
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7. CLADDING CREEP (CCSTRN AND CCSTRG) (D. L. Hagrman),

\ l
V Cladding creep due to coolant pressure during steady state operation is important in modeling the size of

the fuel-cladding gap and initial stored energy at the start of transients. For fuel rods with low internal
pressure, the creep may be sufficiently rapid to also affect fuel relocation and effective conductivity of fuel
pellets. Subroutines for finding creep strain as a function of stress, and stress required to produce a given
creep strain are presented in this section. The model used in these subroutines is based primarily on surface
displacement data from the HOBBIE-1 test conducted by the U.S. Nucleat Regulatory Commission and
the Energieonderzoek Centrum Nederland.

7.1 Summary

The basic equation used in both the CCSTRN and CCSTRS subroutines is

t -

e(t) = BA - B exp -(t - t ') + E(t') 6t' (B-7.1)
o

where

E(t) tangential component of creep strain rate (s-l)=

time since creep strain was zero (s)t =

fast neutron flux [ neutrons /(m2-s)], E > 1 NieVc =

2t correlation fluence, Equation (B-7.4) (neutrons /m ), E > 1 N1eV(_ =

r ,= zero flux correlation time. Equation (B-7.5)(s)

ultimate strain for infinite correlation (unitiess), Equation (B-7.2)A =

rate constant (s-l), Equation (B-7.3).B =

Correlations for the parameters A and B were obtained from out-of-pile creep strain versus time data. The
expressions are

A = 3.83 x 10'I la| (B-7.2)

B = 4.69 x 10 |al'exp , for T 2 615 K

6 ,g exp for T < 615 K (B-7.3)
r

1.9519804 x 10

where

tangential component of stress (Pa)a =

- T temperature (K) (input temperatures are limited to the range 450 to 750 K)=

$v]
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2.0 for stress between -0.2 and -0.75 times the strength coefficient of claddingr =

0.5 for stress between 0 and -0.2 times the strength coefficient of cladding=

25.0 for stress less than -0.75 times the strength coefficient of cladding. The strength=

9 6coefficient is approximated by the linear expression 1.5 x 10 - 1.5 x 10 T and the
constants in Equation (B-7.3) are modified when stress is outside the range -0.2 to
-0.75 times the strength coefficient to guarantee continuity at the boundaries of this
range.

Preliminary expressions for the correlation fluence, t, and zero flux correlation time, r, were obtained
from the slope of secondary creep rates versus temperature under tensile stress. These expressions are

6
25100), for T 2 6 5 Kt = 2.9 x 10 ex

6 (6.967795 x 10 ep , for T < 615 K ( B-7.4)

exp(251007 = 8.6 x 10 , for T 2 615 K

2.0663116 exp , for T < 615 K (B-7.5)

The CCSTRN subroutine calculates the tangential component of cladding creep strain at the end of a
time step with constant cladding temperature, flux, and stress. For time step intervals less than a time to
steady state, the infinite-correlation approximationa is used to integrate Equation (B-7.1). The resultant
expression for creep strain is

' final " ' 'boundaryI II ' **EI'UO'N + ' initial (B .6)

where

tangential component of creep strain at the end of the time step (unitiess)' final =

' initial tangential component of creep strain at the start of the time step=

(unitiess)

eboundary a boundary condition parameter used to force the creep rate to be con-=

tinuous at the time step boundary when temperature and stress do not
change (unitiess); this parameter is zero for the first time step and is
determined by Equation (B-7.26) for subsequent time steps

time step duration (s).at =

For time step durations longer than the time to steady state, the steady state approximation [7 (t) = 0] is
used to integrate Equation (B-7.1). The resultant expression for creep strain is

(final * ~ ' boundary) U - ex$ at ,H + ' sM
p_ + i + imtial (B-7.7)s ..

,
t t

a. The esponent in Equation (B-7.1) is approximated by a one.
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where .-s./ %

-( i
the time to steady state (s).'y/ at =

s$

The time to steady state is defined to be the time when creep strain rate given by Equations (B-7.6) and
- (B-7.7) are equal

1
~

A 1-
"

ss" ~ N" B (A - eboundary)
O '

1y
,

-+-
. t 7 -

0 if the argument of the log term is outside the range

0 < argument < l. (B-7.8)

Subroutine CCSTRS uses an interaction technique and trial assumptions to solve Equation (B-7.6) or
(B-7.7) for stress when ' final. ' initial, and at are known. The procedure begins by solving
Equation (B-7.6) with the implied assumption that at is < at33. In this case, the possible range of stresses is
bounded and the function is monotonic. The range is cut in half in each of several iterations by testing
stress at the midpoint of the possible range. If substitution of the trial solution into Equation (B-7.8) yields
a at33, which is >at, the trial solution is adopted.

A second trial solution is obtained by solving Equation (B-7.7) for |alr with the assumption at is zero.33

If this trial solution yields at33 = 0 in Equation (B-7.8), it is adopted.
1

g. If neither of the two trial solutions are adopted, the technique used in Subroutine CCSTRS employs the

b} observation that the initial trial solution provides a maximum lo|r, and the second trial solution provides a(
minimum initial slope. The implied range of possible stress is then cut in half in each of several iterations
by testing in Equations (B-7.8) and (B-7.7) with stress at the midpoint af the range.

Uncertainty sstimates for creep strain and stress are provided by Subroutines CCSTRN and CCSTRS.
Both estimates are based on the observation that the only creep data with compressive stresses are at a
temperature of 644 K and stresses in the range -120 to -140 MPa. The expression used to estimate the,

uncertainty of the strain calculated in CCSTRN is

# ' * '
f + = 1 + 0.3 1+2 +5 (B-7.9a)--

6( 130 x 10 /

#+ ' *f - = 0.4/ I+2 +5 (B-7.9b)6( 130 x 10 ):
I

where f,* are the upper and lower uncertainty estimates of the calculated creep strain increment
magnitude expressed as a fraction of the calculated creep strain increment magnitude.

The expression used to estimate the uncertainty of stress calculated in CCSTRS is

! I 6
o + 130 x 10 T - M4 i

f, + = 1 + 0.075 i 1+2 +5 I (B-7.10a)6 g
! ( 130 x 10 )

-

v

i
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#+ *f - = 0.85/ 1+2 +5
~

(Il-7.10b)6 m" ( 130 x 10 j

where f,i are the upper and lower uncertainty estimates of the calculated stress magnitude expressed as a
function of the calculated stress magnitude.

The following subsections discuss available data and development of the model. Section 7.5 contains a
sisting of Subroutines CCSTRN and CCSTRS, and references are prosided in Section 7.6.

7.2 Survey of Available Data

Data that measure creep under tensile stress are being supplemented by data for creep with compressive
stress in very limited ranges of temperature and stress. 'The available theories and data for creep under
compressise stress are surveyed in this section. A bibliography of extensive literature on tensile creep
experiments is provided in Section 7.7.

Currently, there are no theories directed specifically at compressive stress, but Dollire and Nichols,II-7 I
Piercy,ll-7.2 N1acEwen,II-7 3 and Nicholsil-7.4,il-7.5 have discussed similar physical mW-Is that explain
the general features of in-pile creep of cladding under tensile stress. For the temperature ra.7ge 523 to
623 K, these authors believe the contiolling mechanism for in-pile creep at stresses < 70 to 100 A1Pa are the
preferred alignment of irradiation-induced dislocation loops during nucleation. At higher stresses, the
effective stress at dislocations is thought to be sufficiently large to allow dislocation glide between the
neutron-produced depleted zones. The creep rate would then be controlled by combined rates of disk)ca-
tion glide between depleted iones and climb out of these zones. Although some of Nichol's ideas base been
challenged.13-7.5,Il-7.6,Il-7.7 the predicted linear stress-dependence of strain rate at low stress is supported
by several authors,II-7 8 II-7 9 and his prediction that the strain rate at high stress is proportional to
approximately the one-hundreth power of stress in the 523- to 623-K temperature range is consistent with
the h1ATPRO models for cladding plastic deformation at high stress.a Unfortunately, Nichols predicts a
complex relation between strain rate and stress for intermediate stress. The dependence of strain rate on
stress is expected to vary from the tenth power of stress to the first power, and then to the fourth power as
stress inercases. The physical model proposed by Nichols has been consulted but not used directly because
the cost associated with the use of such a detailed model is not justified until compressive creep data
confirms the model.

A similar, but less physically founded stress-dependence is proposed by leidleris in his review of
experimental data.II-7 9 lie reported that creep rate varies linearly with stress at temperatures around
570 K and stresses less than one-third the yield stress. With increasing stress, the strain rate is reported to
be proportional to higher powers of stress, reaching a power of 100 at stresses of 600 N1Pa. The modd for
creepdow n to be developed will use only the general features of the stress dependence reported by Fidleris,
because insufficient creepdown data exist to support detailed modeling at this time.

The data referenced by Fidleris show the in-reactor creep rate depends on material, flux temperature,
and direction of testing as well as stress. At temperatures below half the melting temprature (1050 K) and
stresses lower than the yeihi stress, the in reactor crew reaches a constant rate, whik u.e out-of-reactor
creep rate becomes negligibly small with time. The steady state creep rate is stated to be m& pendent of test
history or strain, at least for fast neutron fluences below 3 x 1024 neutrons /m2 (E > I NieV).

llelow 430 K, temperature is reported to have httle ellect and, for stresses t elow the peld stress, the
strain is <0.001. The out-of reactor creep data of Fidleris can be described by

a. The MATPRO rnodels for (ladding plastic deformation. CSIRI.S. CSTRAN, and CSTRNI are dewribed m Appendn 11
Section it of the MATRPO handbook.
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e = A log t + B (B-7. l l)
.

j ). -

j
i

q ,/ where-

' straine =

time!- =

A,B = constants.

In the range 450 to 800 K, Fidleris reports that the out-of-reactor creep strain is often represented by
~

equations of the type

e = At* + B (B-7.12)
I

where, e, t, A, and B were defined in conjunction with Equation (B-7.ll) and m is a constant between zero
and one. Recovery of some of the strain is possib!c in this temperature range and dynamic strain
aging -7.10 frequently causes anomalously low creep strains and rates.B

Equations (B-7.ll) and (B-7.12) and other conclusions in Fidleris' review are based on his own extensive
d'ta for uniaxial, tensile creep of zirconium alloys, both in- and out-of-reactor.B-7.ll From these data,
Fidleris concluded that the in-reactor creep is approximately proportional to the fast neutron flux for all
temperatures. Other investigators treat the effect of fast neutron flux on creep in different ways.B-7.12
Although most authors have treated in-reactor creep as the sum of the out-of-reactor creep and an addi-
tionalirradiation-induced creep proportional to fast neutron flux to some power, a, there is disagreement
about the magnitude of the exponent, a. Ross-Ross and Hunt,B-7.8 report that creep rate is directly pro-

flux, Wood -7.13,B-7.14 uses a = 0.85, Kohn -7.15 uses a = 0.65, andBB '
p portional to the fast

. Gilbert -7.16 finds a = 0.5 for yielding creep at moderate stress levels. Macewen -7.3 and Nichols -7.4B B B

V)"f
- have resolved this apparent conflict by suggesting the flux exponent can have values from 0 (Nichols) or 0.5
(Macidwen) to 1.0, depending on the flux and temperature.

The expressions for calculating creepdo .n that will be developed in the next section will model the effect
of fast neutron flux on creep with an r pression that is proportional to fast neutron flux for large fluxes,
but less dependent on flux for srr aer fluxes. Equation (B-7.12), Fidleris' equation for creep strain versus
time with tensile stress, will not be used because it is mconsistent with data obtained from tests with
compressive stress.

,

The effects of grain size annealing and texture are addressed by several authors. Fidleris finds that the
zircaloy-2 creep rate increases continuously with grain size at 573 K. However, within the limited range of

Bgrain sizes formed in his recrystallized zircaloy-2 (6 to 20 m), very little variation is reported. Stehle -7.17
reports creep strains in cold-worked material that are more than twice as large as the creep strains in
recrystallized cladding. He also reports that the short-time creep strain of stress-relieved tubes is larger
than that of recrystallized tubes, but that plots of creep strain versus time for stress-relieved and
recrystallized cladding intersect at about 6,000 h. KohnB-7.15 reported that the biaxial creep rate of

'

Zr-2.5Nb fuel-cladding is about 10 times higher than that of pressure-tube material under similar condi-
tions. He states that texture differences between the materials and the overaSed precipitate structure in the
as-manufactured cladding can explain the difference in creep rates. The importance of texture is disputed
by Stehle -7.17 who reported that mechanical anisotropy (especially in long-time creep) is surprisingly lowB

compared to the anisotropy in short-time creep at room temperature. The effects cf grain size, annealing,
and textuce will not be considered in the creepdown model developed in the next section b.uuse an explicit
model for th effects on creepdown would be premature at this time. '

Theories surveyed above may be misleading when applied to compressive creep because they are based
primarily'on tensile stress data. Picklesimer,B-7.18 Lucas and Bement,B-7.19 and Stehle -7.17 haveB

s
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pointed out that deformation with compressive stress differs from tensile compression. Stehle has obtained
data showing that the magnitude of creep strain of tubes under external pressure can be as small as half the'

creep strain of tubes under internal pressure.

T he biaxial compressive stress data now available include out-of-reactor measurements at three stresses
and one temperature. Results from a single in-reactor experiment are also available. All experiments except
one were conducted by llobson using tubes from a shipment of typical pressurized water reactor cladding
purchased specifically for use in fuel cladding research programs sponsored by the Disision of Reactor
Safety Research, Nuclear Regulatory Commission.B-7.20

The only biasial compressive straia data from a different lot of cladding were reported by Stehle.II-7 I7
ilis measurements of the tangential creep as a function of time for standard stress-relieved tubing
i.tbricated according to KwU (Kraftwerke Union) specifications are reproduced in Figure B-7.1. The
tangential stress in this test was 140 MPa and the temperature was 643 K. The magnitude of the measured
creep strains are somewhat smaller than the out-of-pile strains computed in the next section from llobson's
out-of-pile data at the same temperature, but within the range of the ses. iter reported by Stchle for cladding
with varying cold-work and stress-relief annealing histories. Since the details of the stress-relief anneal on
the lot of cladding used by Stehle are not reported, the data will be used only to assess the uncertainty of
the creepdown model.

The data reported by flobson -7.21-B-7.24 are radial displacements of the cladding surface at variousB

azimuthal angles and axial positions (6.34 mm apart). The 20 probes used to measure the displacement
were arranged in a double helix pattern oser a 50.8-mm length of cladding, as shown by probe number in
Table B-7.1. This table is arranged so that the location of the probes may be visualized by thinking of the
cladding surface as split along the cylinder axis and rolled out in the plane of the page. Ilobson has pointed

B-7.23 that the exact shape of the cladding surface cannot be determined with point-by-point data fromout
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Figure B 7.1. Average tangential creep strain as a function of time at 140 MPa and 643 K reported by Stehle.
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TABLE B-7.I

SURFACE COORDINATES OF PROBES k*HICH MEASURE
RADIAL DISPLACEMEPT

Azimuthal Angle
(degrees)

Axial Position
(mm) _0 _4 5_ _90 135 180 225 270 315

0.00 1 -- -- -- 13 -- -- --

6.35 -- 4 -- -- -- 16 -- --

-- -- 7 -- -- -- 19 --12.70

19.05 -- -- -- 10 -- -- -- 22

25.40 2 -- 8 -- 14 -- 20 --

31.75 -- 5 -- - -- 17 -- --

2138.10 -- -- 9 -- -- -- --

2344.45 -- -- -- 11 -- -- --

[ ,

'\ 50.80 3 -- -- -- 15 -- -- --

a few radial probes and that the exact stress state at any point in the sample is related to the geometry of the
sample, in spite of these complications, the data can be analyzed to obtain the average tangential strain as
discussed in the next section of this report. Hobson data plays a dominant role in the development of the
creepdown model because the cladding is typical of light water reactor cladding, the stress is compressive,
the cladding displacement is reported as a function of time at 2-h intervals, and the temperature is typical
of the cladding temperatures predicted by the FRAPCON-2 code. The only atypical feature of the data is
the magnitude of the stresses employed by Hobson,125 and 135 MPa. These stresses are characteristic of
low pressure rods so extrapolation to smaller stress magnitudes is ..ecessary to model current fuel rod
prepressurization levels.

7.3 Dev.elopment of the Model

It has been concluded that the most relevant data for modeling cladding creepdown under the com-
|

pressive stress of steady state LWR reactor conditicas are the data of Hobson. Extensive theory and tensile |

creep data are useful only to provide a tentative wension of the model to stresses and temperatures where
no creepdown data are available. |

The first step in the analysis of Hobson's data was to estimate the aversge tangential strain from radial
displacements measured by probes at the locations shown in Table B-7.1. This was done by inspecting plots

J'~'. of the radial displacement measured for each test. Table B-7.li and Figure B-7.2 are examples of the
'

results. The table was constructed from Hobson's data for Test 269-4 (14.48 MPa pressure) at 200 h and
the figure is a polar plot of the radial displacement as a function of the azimuthal angle of the probe. The
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TABLE B-7.II

RADIAL DISTIACEMENTS AT 200 IIOURS IN 110BSO!:'S'IEST 269-48
(10-3 m)

Azimuthal Angle

Axial Position
'

(mm) 0_ M 90 135 180 225 270 315

0.00 4 -- -- -- 12 -- -- --

6.35 -- 6 -- -- -- 12 -- --

12.70 -- -- 48 -- -- -- 12 --

19.05 -- -- -- -19 -- -- -- -29

25.40 31 -- -63 -- 40 -- -58 --

31.75 -- 3 -- -- - 31 -- --

38.10 -- -- -77 -- -- -- -60 --

44.45 -- -- -- -36 -- -- -- -38

50.80 31 -- -- -- 32 -- -- --

a. 14.48-MPa pressure differential anc. 0.127-m pe llet-cladding
gap.B-7.23

plot exaggerates the radial displacement by a factor of ten compared to the scale of the circle, which
represents zero displacement. From an inspection of the figute, it can be seen that the radial displacements
at 200 h in Test 269-4 are consistent with the assumption that the cladding surface was an ellipse with
major axis between 0 and 45 degrees, and the center of the ellipse displaced slightly toward the 180- to
270-degree quadrant. There is some variation with axial position, as shown by the scatter in the
displacements with common azimuthal angles and different axial positions.

The elliptical shape and gradual axial variations are also consistent with general descriptions of cladding
surfaces after creepdown gisen by Stehle -7.25 and Bauer.B-7.26 On the basis of sescral plots likeB

Figure B-7.2 and the general descriptions just mentioned, the author has concluded (a) an ellipse is a
reasonable approximation for the cladding surface at any given height prior to extensive fuel-cladding
interaction and (b) the major and minor axis (length or orientation, or both) vary slowly with axial posi-
tion.

The assumption that the cladding surface at any axial position is an ellipse allvas calculation of the
average tangential strain as outlined in the six steps below.

1. The circumference of the elliptical surface was re|ated to the major and minor semi-axis
lengths with the approximate expression

302 Revised 8/81



_ _ _ . _ _ _ . - . . . _ _ _

| - l
> ,

CCSTRN/CCSTRS ,

!

i~
O'
tp

I

, r

#

:

P

d

i 270*o m em 90'
;

i ,

i

!
i

i

I'
+

-

! I
i 180' f**1 !

INEL A 18182 0.1 mm displacement

I Figure B-7.2. Radial displacement of cladding surface at 200 hours in Hobson's test 2694. |

r

; , ,

a + b'
'

c = 2r (B-7.13)
2

i
I w here

circumference (m)c =

i a,b semi-axis lengths (m).=

4

2. The average tangential strain was defined as i
,

4

# ~#
final initial

(B-7.14)
1 0 #initial
j * circumference

!
where

,

are length (m)s =

a

} average tangential straia (unitiess)=eg
i-
4 initial circumference (m)cinitial =

final circumference (m).; cfinal =

I
; 303 Revised 8/81
!
,

'

|

_ -- .. - , . _ . - - - . - _ _ - _ _ . - . _ - . - - , _. .-,



,_

CCSTRN/CCSTRS

3. Equations (11-7.13) and (11-7.14) were co.vbined to obtain

, 3 <

" final + fmal "l Il3'7' l 5 }<0* 2 2

initial + initial#

4. ainitial and bin tial were assumed equal to r , and afinal and bf n,d were set equal to theo
initial salues plus da and ab.

5. A Taylor series espansion to order aa/r and ab/r was u: ) with Equation (11-7.15) ando o
Step 4 above to find

Oga . 7.16)

w here

o initial radius of the outside (circular) surface of the claddingt =

(m)

aa,ab change of the major and minor semi-ases lengths (m).=

6. Nicasurements of the radial displacements at one asial position (25.4 mm) and azimuthal
n!es of 0,90,180, and 270 degrees are available from flobson's oata. If these lour
measurements happen to occur along the major and minor ases of the ellipse,
Equation (11-7.16) is sufficient to consert the data to an espression for the aserage cir.
cumferential component of the strain. When the radial displacements at 25.4 mm are not
measured along the major and minor ases of the ellipse, the derisation is morc comples
but the result (to order aa/r and ab/r in the Taylor series espansion) is an equation ofo o
the same form as Equation (11-7.16), with aa and ab replaced by the aserage radial
displacements along any two ases at right angles to each other and at any angle to the
major and minor ases of the ellipse. ~lhe espression then becomes

I la' + ab'
e ai II3'7'I 7Ig r~

o

w here

Ja',ab' change of the cladding radius measured alo g any mutually perpen-=

dicular ases at one asial position (m).

The second part of the analysis of Ilobson's data was to describe the aserage tangential strains obtained
from the data and Equation (11-7.17). Figure Il-7.3 displays the calculated aserage tangential strain from
two out-of-pile tests at 15.86 N1Pa differential pressure. During the first 600 h, the strains are remarkably
consistent. During the last 400 h of the tests, the strain in Test 269-27 was noticeably larger than that of
Test 269-8. Test 269-27 had a large simulated asial gap centered about the asial position of the four probes
used to determine the strain. Test 269-8 had only a small asial gap. The difference in strain at long times is
probably due to the effect of the different contact times with the simulated fuel.

Figure 11-7.4 illustrates the strain sersus time results obtained from the 14.48-N1Pa out-of-pile test. The
magnitude of the strain at any time is significantly smaller than the stra;ns obtained with the 15.86-N1Pa
tests.
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in an effort to describe the strain versus time data shown in Iigures 11-7.3 and 117.4, the constants in
Equations (117.11) and (11-7.12) for tensile creep were fit to seiccted strain-time pairs. Each equation was
then tested by exirapolating to longer or shorter times and comparing the predicted strains to strain-time
pairs not used in determining the constants A and II. Neither equation passed this test. Equation (11-7.1|}
consistently had too much curvaturea and Equation (11-7.12) had too little cursature.

The equation finally adopted for short-time out-of pile tests was

= A || - esp (-lit)] (11-7 . 1 8 )
e g

w here

<g average tangential strain (m/m)=

time (s)t =

A,Il functions cf stress a id temperature.=

I'or the 14.48 MPa test

A = -5.32 x 10-3 and 11 = 7.64 x 10-7 s.

I'or the 15.86-MPa tests

A = -6.32 x 104 and 11 = 9.17 x 10'7 s

I he values of A and il for each stress were determined with a two-step process:

1. A value of 11 nas gueswJ and one strain. time pair (co, t ) was selected as a reference.o
Other strain time pairs (ej, tj) were then used to find an improsed guew for 11 according to
the relation

ll-c4p(-Ilpd o))tf

11. = ,m 1
j

( 13- 7 . 1 9 )
) 'o,

2. Once a single value of 11 that worked for sacral strain. time pairs was determined, a least-
squares fit was carried out to determine A.

Ihc two sets of ulues for A and 11 were used to estimate the effect of change % stress A and 11 we.e
awumed to be dependent on stress to some power, n, and n was calculated from A and 11 at the two stresses
where they are knc sr

g[A at 15.86 MPaj
\A at 14.48 MPa,

139 (ll-7.20a)
y\l4.481l5.F6j

a. toolarn.
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[B at 15.86 MPa
\B at 14.48 MPaj _ = 2.01.

15.86 (B-7.20b)
/ Inv 14.48

in view of the limited number of tests, both values of n were assumed to be 2. This result implies a strain
rate proportional to the fourth power of stress,a a conclusion that agrees with one of the intermediate
stress regions suggested by Dollins and Nichols in Section 7.2.

The resultant expressions for the stress-dependence of A and B near 125 MPa and at a temperature of
644 K are

2

A = ( 5.32 x 10 ) ( B-7.21)
8

(1.245 x 10 )

11 = (7.64 x 10 ) (B-7.22)3

(1.245 x 10 )

where

tangential component of stress.o =

The data from Ilobson's in-reactor experiment were comerted to average tangential strains with the
same technique used for the out-of reactor experiment. Figure B-7.5 displays the resultant aserage tangen-

/ \ tial strains as a function of time, along with the predicted out-of-reactor aserage strain from

(" Equations (11-7,18), (11-7.21), and (11-7.22). The temperature during the in-reactor experiment w as approx-
imately the same as the temperature of Ilobson's out-of-reactor experiments, but pressure varied from 13
to 13.5 MPa, so !$e tangential stress (-116 MPa) was smaller in magnitude than stresses of the out-of-pile
experiments.

Interpretation of the in reactor data is complicated by absence of data for the first 80 h, by reactor shut-
down from 540 h to 610 h, and by the apparent positive average tangential strains from 80 to 200 h.
Ilobson 7 24 has discussed the apparent positive average strains during the early part of the experimentII
and suggests that the positive readings come from the effects of a reactor scram at 50 h on the experiment
.lectronics.

The in-reactor strains shown in Figure 11-7.5 are consistent with a simple relation between the out-of.
reactor straint and the in reactor strains [for fast neutron flux = 5.4 x 1017 2neutrons /(m s)]. The dashed
line of the figure is the strain predicted by assuming that the initial out of-reactor strain rate, AB, is main-
tained throughout the in-reactor experiment. The strains are described to within the experimental
uncertainty by this line.

If this simple relation between initial out-of-reactor creep rates and in-reactor creep is confirmed by
subsequent experiments with compressise stress, the implications for model deselopment are significant.
The result implies that irradiation-induced creep for compressive stress is not an independent additional
creep (as virtually all the models based on tensile deformation data has e assumed), but simply the result of
destruction of some effect associated with prior creep strain that impedes further creep strain. In the
absence of any data other than those from flobson's experiments, the assumption must be made that either
(a) the in-reactor creep rate is related to the initial out-of-reactor creep rate for compressive stress at

p.x
( )

,/ a. The time derhathe of I:quation 1B-7.18) is proportional to A s E.

.
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temperatures near 644 K, or (b) that the fast neutron flux, strew magnitude, and temperature are coin-
cidentally at values that rnake the independent irradiation-induced ercep rate equal to the initial out of-
reactor creep rate. The author has selected awumption (a) and has proceeded to deselop a model for
cladding creepdow n that is consistent with this awumption.

To be consistent with the awumption that some effect awoeiated with prior creep strain impedes further
ercep strain, the mdependent variable in Equation (11-7.18) was changed from time to prior strain. T he
equation was then differentiated with respect to time and the differentiated espression used with
Equation (117.18) to climinate time, resulted in the expression

= ll( A - e ) (11 7.23)e
g g

where ,o is the time derisatise of the tangential strain (s-l).

If fast neutron flux destroys some effect awociated with prior creep strain, the ppropriate modification
of Equation (117,23) to describe in-reactor creep will reduce or climinate the term, -thg, when a fast
neutron Oux is present. This was accomplished by adapting the idea of an auto-correlation function from
statistical mechanics.ll-7.27 The total strain in Equation (11-7.23) is replaced by the integral of the strain
increment at a prior time, t', times a correlation function that approximates the rate of destruction of the
effect of prior strain on the current strain rate. In the absener of detailed information, the correlation
function is represented by an esponential. The resultant generalization of Equation (11-7.23) is

308 Revised 8/81



__ _ __ _ ..

CCSTRN/CCSTRS

(4 =B A- exp (t - t') _+ de(t') (B-7.24)
.\ i o 1V, ;

where
,

fast neutron flux [neu*rons/(m2 ))c = 3

2correlation fluence (neutrons /m )t =

zero flux correlation time (s)r =-

and other symbols have been previously defined.

New parameters i'ntroduced in Equation (B-7.24) can be given a physical interpretation without defining
a detailed mechanistic model. The correlation fluence, t, is the amount of radiation damage required to
destroy most of the effect of prior strain on current strain rate, and the zero flux correlation time, r,is the
time at temperature required to anneal most of the.effect of prior strain in zero flux. Since
Equation (B-7.1) is an alternate form of Equation (B-7.24), the same interpretation can be applied to

~ Equation (B-7.1).

CCSTRN Equations (B-7.6) and (B-7.7) are approximations derived from Equation (B-7.1).
Equation (B-7.6) is obtained from Equation (B-7.1) by assuming

t + <<1 (B-7.25)

- and integrating Equation (B 7.1) from an initial to a final time, t. Equation (B-7.7) uses the steady state
N approximation to Equation (B-7.1), derived by setting the time derivative of Equation (B-7.1) equal to

zero and solving for the steady state creep rate. If the creep rate at the given final time of a time step inter-
val is greater than or equal to the steady state creep rate, Equation (B 7.6)is employed for al e entire time
interval if the creep rate at the ghen final time of a time step intervalis less than the steady state creep
rate, the time to steady state is calculated with Equation (B-7.8), and Equetion (B 7.7) is used to calculate
the final strain from the assumption that the creep rate after the time interval given by Equation (B-7.8)
has passed. The time interval to steady state is found by solsing the time derivative of Equation (B-7.6) for
the time when the creep rate is equal to the steady state creep rate.,

Equations (B-7.6) and (B-7.7) contain a term, ' boundary, which is the initial creep strain for any time
step in which the temperature and stress are the same as the previous time step. For time steps in which the
temperature, stress, or fast neutron flux has changed, Equation (B-7.1) implies that the creep rate should
respond immediately to changes in the product AB (a function of stress and temperature) but the response
of the creep rate to changes in the factor, c/t + 1/r(a function of Hux and temperature), should be more

j gradual. A boundary condition is therefore required to make the initial creep rate of Equation (l;-7.6)
equal to the creep rate at the end of the prior step. The appropriate condition is

for prior steps not in steady state

' boundary = AP exp(-BP atp) + eP oundar>[1 - exp(-BP atp)]b

for prior steps in steady state

AP BP'

' boundary "
+ + BP

V
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w here

A P,llP,atp,r Pboundary.cP,+P, and rP = A,11, at, ' boundary, c, +, and r during the
previous time step

Values for the parameters A and 11 at 644 K and strenes near 125 MPa hase been deternuned from
llobson's out of reactor data. ~lhese data can aho be used in conjunstion with the modeling ideas just
developed to find a minimum salue for the iero flus correlation time, r, at 644 K. The strains shown in
l'igure 11-7.3 show that a steady state creep rate (a straight line plot for strain sersus time) did not occur
prior to 600 ' in either of the out of. reactor esperiments represented in the figure. liquation (117.8), with

6c = 0 and at at least as large as 600 h, imphes a r of at least 6.8 s 10 s, l his value was adopted as ann
interim estimate for r at 644 K, since the strains calculated from Test 269-27 (test that simulated an asial
gap in the fuel pellets) are consistent with steady state creep alter 600 h.

Ihe temperature-dependent factors in liquations (117.3), (117.4), and (117.5) are interim estimates
because they are based on the temperature-dependence of ten,ile creep data. 'I he data from I idleris' tests,
R 6 and Rs.14,II-7 II were selected to estimate the temperature-dependence of II, r, and + because these
tests were carried out at a strew magnitude that closely approsimates the magnitude of the strew in
llobson's esperiments.

l'igure 117.6 illustrates the steady state creep rates reported by | idleris for a strew of 138 MPa at sescral
temperatures. The in reactor data are at fast neutron lluses of 6.8 s 1016 or 6.0 s 1016 2neutrons /(m .sp,

'I he range of steady state creep rates predicted by the model for creepdown at 644 K is aho represented. A
solid square is used to represent the steady state creep rate seen in llobson's esperiment at a fast neutron
flus ei 5.4 s 1017 2neutrons /(m .s). lhe slope of the tensile stress data at temperatures > 614 K
(1/1 < l.626 s 10-3) corresponds to a temperature dependent factor of the foim, esp (-25,ltw I). 'Ihc

i i i
-

ai \
'n % n
o a o Tensile, c20 8x1016%

10 - 5 - \ai ( e o Tensile, c= 0 _
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c 4 compressivoc
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Figure D 7 8 Steedy state creep rates reported by F6drerie for Tests H 6 end Rs 14 compared to anodel predictions
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in-reactor data <615 K correspond to a temperature-dependent factor of the form, exp( 10,400/T). The
temperature-dependent factors in Equations (117.3), (11-7.4), and (117.5) are the most convenient way of

/ forcing the steady state creep rate implied by Equation (117.7) to correspond to the temperature.
" dependence shown by the Fidleris equation.

6The constants,2.9 x 10 and 6 967795 x 1016 in Equation (117.4), are the result of a least-squares fit to
the steady state creep rate data of Fidleris. As expected from the previous discuuion, the resultant predic-
tion of the steady state creep rate for llobsons inJreactor creep rate at 5.4 x 1017 neutrons /(m .s) with a2

compreuise stress is slightly too high. The predicted rate, s-3, is shown in Figure 11-7.6 by the dashed line.

7,4 Uncertainty of the Model

Lack of an extensive data base for creep under compressive stress makes the assignment of uncertainty
limits very tentative. The data of Stehle (illustrated in Figure 11-7.1) are the only other compressise stress
data available. These data show creep strains of about half the magnitude of the model predicted strains.
Since these are the only appropriate data not used in developing the model, Oey v.ere used to estimate frac-
tional error of -0.6 and +0.3 in strain at 644 K and -130 A1Pa stress. The remaining terms of the uncer-
tainty estimate for the strain predicted by CCSTRN [ Equation (11-7.9)] are simply engineering judgments
that estimate 100% error w hen the stress differs from -13G StPa by more than 65 N1Pa, or the temperature
differs from M4 K by more than 60 K.

Equation (11-7.10), the expression for the uncertainty of the stress calculated by CCSTRS, was derived
from Equation (11-7.9) and the observation that the predicted strain is usually proportional to the fourth
power of stress. The resultant uncertainty in stress expressed as a fraction of stress is one-fourth the
fractional uncertainty in strain.

7,5 Cladding Creepdown Subroutines (CCSTRN and CCSTRS)
( ) Listings
V

Listings of the FORTRAN subroutines CCSTRN for creep strain as a function of stress and CCSTRS
for stress as a function of creep strain increment are gisen in Tables ll 7.!Il and ll 7.IV. Uncertainty
estimates are computed within the subcodes, but are not returned.
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TABLE B-7.III Q
n

LISTING OF THE CCSTRN SUBCODE y
A.
n

SUBROUTINE CCST RN (C T EMP, D EL T, C FLUX, CHST RS, C STN B,CC STN I, $
s C ST N3 N,CCS TNF) y

C CCSTRN C ALCULATES THE TANGENTIAL COMPONENT OF CLADDING
C CREEP STRAIN Ii COMPRESSION AT THE END OF A T I ME STEP WiTH CONSTANT
C CLADDING T E MPER A TUR E, FLUX, AND STRESS.
C

OUTPUT T ANG ENTI AL C OMPONEN T OF CL ADDING CREEPC CCSTNF =

C STRAIN AT THE END OF THE TIME STEP (4/MI
OU TP UT BOUNDARY CONDITION PARAMETER USED T3C CSTNBN =

C SPECIFY INITIAL SL OPE OF NEXT TIME ST E P (UNITLESS)
C USTNU = E S T I MA T E D U N: ER TAINTY OF STRAIN INCREMENT --

C OPPER BOUND Di STRAIN INCREMENT MAGNITUDE (UNITLESS).
C CALCULATED BUT NOT RETURNED.

ESTIMATED UNCERT AINTY OF STRAIN INCREMENT --C USTNL =

C LCWER BOUND ON STRAIN INCREMENT MAGNITUDE ( UNI TL E S S) .
C CAL UL A TED BUT NDY RETURNED.
Cw

C C
INPUT CL ADDING TEMP E R ATURE (K)C CTEMP =

INPUT T IME STEP SIZE (S)C DELT =

INPUT F AST NEUTRON FLUX (NEUTRONS /((M**21*St)C CFLUX wx
INPUT TA NGE N T I AL COMPONENT OF CLADDING STRESS (P A)D C CHSTRS =

IN PUT BOUNDARY CONDITION PARAMETER US ED TOr C CSTNB =

1 L SPEC IF Y INITIAL SL OPE OF CURPENT T IME STEP
a C (UNI TL ESS) .
2 C T H IS P AR AMETE2 IS ZERO FOR THE FIRST TIME STES

C AND IS TAKEN FROM OUTPUT F OR SUBS EQUEN T STEPS.-

IN PUT T ANGENTI AL C OMPONENT OF CL ADDING CREEPC CCSTNI =

C S TR A IN AT T HE START OF THE TIME S T EP (M/11
C
C THE EQU AT IONS US ED IN THIS SUBROUTINE ARE SASED ON DATA FROM
C (1) D. U. HOBSON, CREEPD0dN OF ZIRC ALOY FUEL CLADDING
C INIT I AL TESTS, Ov NL /NUR EG/ TM-181 (APRIL 19 78).
C (2 ) D. O. HOBSON, PRELIMINARY AN ALY s IS OF SURF ACE DISPL ACEMENT
C RESULTS IN THE CREEP DOWN IRR ADI AT ION E X PER IME NT HOBBIE-1,
C ORNL / N URE G/ T1-310 (JJNE 19 79).
C (3) V. FIDLERIS, UNIAXIAL IN-R EACTOR CREEP OF ZIOC ONIUM
C ALLOYS, J OU R N A L OF NUCLEAP MATERIALS 26 (1968).
C PP. $1-76.
C (4) H. STEHLE ET AL., MECH AN IC AL PROPERTIES OF ANISOTROPY
C AND MICROSTRUCTURE OF ZIRC ALOY CANNING TUBES,
C ZIRCONIUM IN THE NUCL E AR INDUSTRY, ASTM STP 663
C (1977) PP. 466-507.
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TABLE B-7.III (continued)

C
C THE SUBCODE CABTP IS USED IN Tt!IS SUBROUTINE
C
C CCSTRN WAS CCDED BY D. L. HAGRMAN MAY 193 0
C

CALL C AB TP ( CTEMP, CHSTRS, A,B ,T AU, PSI )

C CHECK FOR PRE OR POSI STE ADY STATE CREEP
CFLUX/ PSI + 1.S/ TAURCT =

A/((1.0 + 8/RCT) * (A - CSTNB))Z =

DTSS 0.0=

IF(Z .LE. O. .OR. Z .GE. 1. I GO TO 10
DTSS = -( ALOGtZ)/B)

C
C BRANCH FOR PRE OR POST STEADY STATE CREEP

IF(DELT .GE. DISS) GO TO 10
( A - CS TNB ) * (1. - E XP (-B *D EL T ) ) + CCSTNICCSTNF =

-( EXP (-B* DEL T) ) * ( A - CSTNB i + ACSTNBN =

GO TU 20
EX P(-B *D TSS I ) + CCSTNICSTHB) * (1.1C CCS TNF (A -= -

$ s + ( B* A/ ( I. + B /RC T) ) * ( DELT - DTSS)
A * 8/ RCTy CSTNBN =

C ESTIMAT E UNCERT AINTY IN STR AIN INCR EMENT
20 UCTR = 2. * ABS ( (CHSTRS + 1.3E+0SI/1.3E+06)

i f s + 5. * ABS ( (C TEM P - 644.1/644.)
CCSTNI)1 USTNU = (1. + 0.3 * ( 1. + UCTR)) * (CC STN F -

[ USTNL (0.4 / ( 1. + UCTR 1) * (CCSTNF - CCS TNIi=

Y RETURN
5 END

SUBROUTINE C ABTP (CTEMP,CHS T RS, A, B,T AU, PSI)
C
C CABTP CALCULATES P AR AMcTERS F OR THE CLADDING CREEP DOWN
C SUBROUTINE CCSTRN
C o
C A = OUTPUT ULTIMATE STRAIN FOR INF IN ITE C ORR EL A TION O
C ( UN I TL E S S ) . A

OUTPUT R ATE CONS TANT (S**(-1)) xC B =

OUTPUT ZERO FLUX CORRELATION TIME (S). 2C TAU =

UUTPUT CORRELATION FLUENCE (NEUTR0NS/((M**2)*S)) nC PSI =

C n4

INPUT C L ADDING TEMPERATUPE (K) $C CTEMP =

INPUT T ANGENTI AL COMPONENT OF CL ADDING STRESS (PA) gCHSTRS{
=

.
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TABLE B-7.III (continued) y
z

T = C TE MP
IF(CTtMP .GT. 750.) T 750.=

IF (C TEMP .L T . 4 50 . ) T= 450.
ABS (CHS TRS )S =

C
C A P PR OXI MA T E STR ESS EXPONENT BY COMPARISON TO S TR E1GTH
C CO E F FIC IE N T APPROXIMATION

1.5E+09 - 1. 5 E +3 6 * TAK =
C

3. 8 3 E-19 * (S**3) /0HSTRSA =

IF (3 .LT. (0.20 * AK)) A = A * ((0.20 * AK / S )**1.5)
IF (S .GT. (0.75 * AK)) A = A* ((S/(0.75 * A4 ) ) * * 2 3 )

C
IF(T .LT. 6 15.) GO TO 10

4. 6 9 E - 0 6 * (S**2) * EXP(-2.51E+04/T)- B =

e TAL= 8. 6 E- 11 * EXP(2.51E+04/T)
P SI = 2.9 6 + 06 * EX P( 2.51E +04 /T)
GO TO 20

1.9519804E-lo * ($**2) * E X P ( -1.04 E +04 / T )x 10 B =

2.0663116 * E p (1. 04E + 0 4/ T )9 TAU =

6. 9 6 7 79 5 E + 16 * EXP(1.04E+04/T)5' PSI =

B * ((0.20 * AK / 5 1**1.5)' 20 IF(5 .LT. ( 0.20 * AK)) B =

B * ((S/(0.75 * AK))**23)P IF(5 .GT. ( 0. 75 * AK)) B =

~
RETURNx

END

O O O
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TABLE B-7.IV

LISTING OF Tile CCSTRS SUECODE

SUBROUTINE CCST RS (C T EMP,) EL T C FL UX, C STN 8,CC S TN I,C C S TNF ,
a CSTNBN,CHS TRS)

C CCSTRS CALCULATES THE TANGENTI AL CJMPONENT OF CLADDING
C COPPRESSI VE CREEP STRESS DURING A TIME STEP blTH CONSTANT
C CLADDING TEMPERATURE, FLUX, AND STRESS.
C
C CHSTRS OUTPUT T ANGENTIAL COMPONENT OF CL ADDING STRESS (PA)=

OU TPUT SO UN D ARY C3N D IT ION PARAMEIER USED T1C CSTNSN =

C SP EC IF Y INITIAL SLOPE OF NEXT TIME STEP ( UNI TL ESS )
C US TR U ESTIMATED UNCERT AINTY OF THE S TR EI S MAGNI TUDE --=

C U PPE R 80VN3 DN STRESS MAGNITUDE (PA)
C USTRL = dSTIMATE D UNCERT AINTY OF THE S TRE S S M AGNI TUDE --
C LOWER BOUND ON STR ES' M AGNITUD E (PA)

INPUT CL ADDING TEMPER ATUR E (K)C CTEMP =

C OE LT INPUT TIME STEP SIZE (S)=

C CFLUX INPUT FAST NEUTRON FLUX ( NE UTRON S/ ( (M ** 2 ) * S i l=

C CSThB INPUT BOUND ARY CONDITION P AR AM LT ER USED TO=

C S P EC IF Y INITI AL SLOPE OF CURRE NT TI ME STEPw
G C (UNITLESS).
* C THIS PARAMETER IS ZERO FOR THE FIRS T TIME STEP

C %N D IS TAKEN FROM OUTPUT FOR SU B SE Q UE N T STE PS.
C CCSTNI IN PUT T A NGENTI AL COMPONENT OF CL ADDING CR EEP=

f C STRAIN AT THE START OF THE TIME STEP (M/Nbr. C CCSTNF INPUT TANGENTIAL COMPONENT OF CL ADDING CREEP=

[ C STRAIN AT THE END OF THE TIME STEP (M/M)
R C THE EQUATIONS USE D IN THIS SUBROUTINE ARE BASEL ON DATA FROM3 C (1) D. O. HOBSON, CR5EPDOWN OF ZIRCALOY FUEL Cl.00 LNG

C INITIAL TESTS, OR NL INUR E G / TM-181 (APRIL 1978).
C (2) D. O. HCBSON, PRELIMINARY AN ALY SIS OF SURFACE DISPLACEMENT
C R ES UL T S IN THE CREEPDOWN IRR ADI A TION EXPERIMENT HOBBIE-1,
C ORN L/ NU REG / TM-310 ( JUN E 1979) .
C (3) V. FI DL E R IS, UNIAXIAL I N-R EA C TOR CREEP OF LIRC01IU1
C ALLOYS, JOURNAL OF NUCLEAR NATERIALS 26 (1768).
C PP. 51 -76. n
C (4) H. STEHLE ET AL., ME' HA NIC AL PROPERTIES OF ANISOTR3PY o
C AND MICROSTRUC TURE Of Z IRC ALOY CANNING TUBES, *
C ZIRCONIUM IN THE NJCL E AR INDUSTRY, AS TM S TP 663 5
C (1977) PP. 486-507. 2

THE SU8 CODE CTP IS USED IN THI S SUBROUTINE
C m,

| C CC STRS WAS CO DE D BY D. L. H AGR MA N JUNE 198D $
w

$
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TABLE B-7.IV (continued) k
$
x

C $AC * ( ABS (STR ESSI ** 0.5 2. 0 OR 25.)C X =

X/AC yC Y =

bC ALL C T P(C T EMP, BC T AU,PS I p AK )
3.83E-19AC =

RCT = CFLUX/ PSI + 1.G/ TAU
D ELS TN = C C S T hF - CCSTMI

C
C BRANCH FOR POSI TI VE OR 1EG ATIVE STR AIN INCREMENT

IF(DELSTN .EQ. C.) GO T3 800
IF ( DE LS T N .GT. 0.) GO TO 300

C
C BRANCH FOR SUBCASES OF NE3 ATI VE S TR Alh INCREMENT

IF ((C S T N3 + D EL S T N ) .GT. 0.) GC TO 110
C
C SUBCASE ONE CSTNB + DELSTN IS 1EGAT IVE

BC * DE LT * (CSTNB + OELSTN) / ACARG =

IF(ADG .LT. -C30.) GO TO 260
-( CSTNB + OELSTN 1AL =

EXP(ARG)M CXP =

AC * DE LS TN /(-AC*(1. - CXP ) + DELSTN * BC * DELT * CXPI'd DELTA =

GO TO 210
C
C SU BC AS E T40 CSTNS + DELSTN IS POSI TIVEx

0.D lic XL =

- AC * DELSTN / (CSTNB * BC * DELT)7 DLLTA =

L C
021C N =

2

0s P =
XL + OELTA- 215 XH =

STN = (- X H- CSTN8) * (1. - EX P ( -B C * DELT * XH/ACl)
IF(STN .GE. DELSTN) G3 T3 220

Ot L T A / 5.DELTA =

M + 1M =
IF(* .LT. 51 GO TO 215

XL + OELTA226 XH a

STN = (- XH- C S T N3 ) * (1. - E XP (-8C * DE LT * X4 / A ))
IF(STN .L T. OcLSTN) GJ TO 230

DELTA * 2.DELTA =

N = N + 1
IF (N . L T. 5) GO TO 220

230 CONTINUE
0N =
(XL + XH) * 0.5XM =

STNM = (-X M- C S T NB ) * (1. - ErP(-8C * D LT * XM/AC))

O O O
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TABLE B-7. IV (continued)
_

240 IF(STNM .LT. DELSTN) KH= XM
If(SThM . G E . D EL S 7:4 ) XL = XM

(XL + XH) * 0.5XM =

STNM = (-X M- C S ThB) * (1. EXP(-BC * DELT * XM/AC))-

FE= A B S ( S TNM/ DE LS TN - 1.01
IF ( FE .L T. 0.01) GO TO 250

N+ 1N =

IF ( N .LT. 11) GO TO 240
250 A == XM,

GO TO SCO
260 XM -0ELSTN - CSTNB=

L = -XM
GO TO 500

C
C POSITIVE STRAIN INCREMENT

. C
i C BRANCH FOR SOBCASES OF POSITIVE STR AIN INCREMENT

300 IF((CSTNB + D EL S T N ) .LT. 0.) GO TO 310
C
C SUBCASE ONE CSTNB + DELSTN IS POSITIVE$ AR G =-BC * DELT * (CSTNB + DELSTN) / AC

; V IF(ARG .LT. -030.) GO TO 460
CSTNB + DELSTNXL =

CxP = EXP(ARG)-

x DE LT A = AC * DE LS T N / (AC*(1. - CXP) + DE L S TN * B C * D EL T * CXP)
? GO TO 410
7 C
E- C SUBCASE TWO CSiria + ) EL 5 TH I S NE G A TI VE
* 310 XL 0.=

= OE LT A = - AC * DELSTN / (CSTNB * BC * DELT)~

410 N =0
M 0=

415 XH = XL + DELTA
STN (XH- CSTNB) * (1. EXP(-BC * DELT * X4 / AC ))= -

IF (STN .L E . DEL S TN ) GO TO 420
DE LT A DELTA / ).=

' , M =M+ 1,' nIF(M . LT . 5) GO T O 415 n
420 XH XL + D EL TA $=

STN (XH- CSTNB) * (1. - E XP(-8C * DE LT * YH/AC)) x=

IF(STN .GT. DE L5T N ) GO TO 430 >
DE LT A DE LT A * 2.=

6N =N +1 n
IF(N . L T. 5) GO TO 42C $

5
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- TABLE E-7.1 ontinued) Q

N
z

430 CONT INUE 8
0 nN =
(XL + XH) * 0.5 4XM =

EXP(-8C * DELT * XM/AC)) x(XP- CS TNB) * (1.STNM = -

XM M440 IF(STNM .LT. DE LS TN ) AL =

IF(STNM .GE. DE L S TN ) XH = XM
(XL + XH) * 0.5XM =

EXP(-8C * DELT * XM/ACl)( XM- C S INB) * (1.STNM -=

ABS (STNM/DELSTN - 1.0)FE =

IF (F E .L T . 0.01) GO TO 450
N = N + 1
IF ( N .LT. lli GO TO 440

450 A = XM
GO TO 500

460 XM = DELSTN + CSTNB
XMA =

C
C BkANCH FOR PRE OR POST STEADY STATE
C

BC *XM/ AC500 B =

= A / ((A - C STNB ) * (1. + 8/RCT))O L
1.y d =

IF (OELS TN .LT. 0.1 w = -1.
IF(Z .GE. 1.) GO TO $10

-( ALOG(Z))/Bx CTSS =

XM/ AC3 Y =

I ARG = -b * DELT
1 IF(ARG .GE. ~030.) CSTNBN -( E X P (.h R G I ) * (A - CST 18) + A=

9 IF(ARG .LT. -030.) CSTNBN = A
e IF(DELT .LE. DTSS) GO TG 700
-

C
C TR EAT THE C ASE =HERE THE WHOL E STEP IS STEADY STATE AND
C FIND UPPER LIMIT 5 0F ABS (STRESS' FOR IR ANSITION C A SE
r. STRESS FOR P OPE STE ADY STATE

510 E D AV = ASS (DELS TN) / DEL T
(EDAV/(2. * RCT * AC ) ) * (1.0 + (1.0 + 4. * AC * RCT * RCT /Y =

s (BC * EDAV) !**0.5)
C CHECK TO SEE IF PURE S TE ADY STATE IS CONS IS TEN T

Z =W * Y * AC /((W * Y * AC - CSTP4 B ) * ( 1. + BC*Y /RCT))
-AC * BC * (Y**2) / RCTCS T hBN =

IF(Z .LE. O. . OR . Z .GE. 1.) GO TO 700
C
C TREAT THE C AS E WHERE Jr4L Y P ART OF THE STEP IS STEADY STATE
C XH IS UPPER L IM I T ON ABS STRESS. PURE PR I M AR Y CASE IS THIS LIMIT

XMXH =

O O O
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TABLE B-7.IV (continued)

C XLL IS LOWER Li MIY ON ABS STRESS. PURE 55 CASE SLOPE IS THIS LIMIT
(W * CSTNB + 'CS TNP * * 2 + 4.* ( ( AC* Y ) * * 2 ) / (1. +( BC * Y /R CT ) ) )XL L =

s **0.51/2.
DELTA (XH - (LL)/10.=

IF (D EL TA .LE.0.) DE LT A XH/10.=

XL =XH
0N =

DELTA610 XL XL= -

BC * XL / ACBL =

= W * XL /(( w * XL - CSTNB) * (1. + BL /RCT))ZL
DTSS = - ( ALOG ( ZL ) ? BL )
57%L = -C S TNB + BL * d * XL * ((1./RCT) + DdLT - OTSS)

# /(1. + (BL/RCTI)
IF((W * STNL) .L T . (W* DELSTNil GO TO 620

XLXH =
N =N + 1
IF(N c L T. 9) GO TO 610
XL XLL=

62C N =0
(XL + XH) * 0.5630 XM =

BC * XM / ACO BM =

W * XM /((W * XM - C STNB 1 * (1. + BM / PCT) iy ZM =

DTSS = -( ALOG(ZM) / B1 1
-CSTh8 +dM * W * XM * ( ( 1. / R C T ) + D EL T - DTSS )STNL =

8 /(1. + (BM/RCTI)x
ABS ( ( S TH L/ DE L ST N ) - 1.013 FE =

7 IF(FE .LT. 0.01) GO TO 640
E IF((W * STNL) . L T. (W * 3 FL S T N)) XL XM '=

<

IF (( W * SINL) .6E. (W * DE LST N)) XH = XMx
N + 1j N =,

- IF(N .LT. 15) GO TO 630
640 Y = XM/AC

W * XM * BM /RCTCSTNBM =

C
(0.75 * AK)**270C ALIMH =

ALIML ( 0.20 *AK l **2=

CHSTRS W * (Y**0.5) n=

IF(Y .GT. ALIMHi CHSTRS W*(Y**0.04) * ((0.75*Axl**0.92) n=

= W * (Y**21 / ( ( 0. 20* A( l * * 3 ) $IF(Y .LT. ALIML) CHSTRS
G O T O 810 x

0.0 2800 CHSTRS =

810 CONTINUE 8
C o '

C ESTIMATE UNCERTAINTY IN STRESS x
UCTR - 2. * ABS ( (CHSTRS + 1. 3E+ 0SI /1. 3E+ 08 ) x

s + 5. * ABS ( (CTEMP - 644.1/644.1 m

4
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TABLE B-7. IV (continued) h
8
0

USTRU (1. + 0.075 * (1. + UCTRI) * CHSTRS H=

USTRL (0.85/(1. + UCTRI) * CHSTPS 3=

C
RETURN
END

SUBROUTINE CTP(C T EM P,B:,T AU, PSI, AK)
C
C CTP C ALC UL A TES P AR AME TE RS FOR THE CLADDING CRE EP D3dN
C SUBPO UT INE CC S TRS
C
C BC OUTPUT STRESS C OEFF IC IENT OF R ATE CONST ANT=

C TAU OUTPUT ZERO FLUX CORRELATION TIME (S).=

C
C CTEMP INPUT C L ADDIhG T EMPER ATURE (h)=

$ C
'd T CTEMP=
~

IF (C TEMP .GT. 750.) T 750.=

IF(CTEMP .LT. 450.) T=450.
1. 5 E + 0 9 - 1.5E+06 * Tx AK =

0 C
& IF(T .LT. 6 15.) GO T O 10
E BC = 4.69E-06 * E XP (-2. 51E + 0 4/ T )
e T AU = 8. 6 E-11 * EXP(2.51E+04/T)
-s PSI 2. 9E + 06 * EXP(2.51E+04/T)=

GO TO 20
10 BC 1. 9519 8 0 4 E- 16 * EX) (-1.04E+04/T)=

2.0663116 * EXP(1.04E+04/T)TAU =

PSI 6. 96 7 795E + 16 * EX P(1.04 E+04 / Tl-

20 C ONTINUE
RETURN
FND
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de (B-8.5a)
= 7[a,(AIE + A3E)- a AIE - a A3Qde 2 37 g

)
(B-8.5b)

[ a AIE + a (A2E + AIE)- 3A2E]~' dey= j y
'

Wc)
[-o, A3E - o A2E + a M + A2EHdey= y 3

!

j where all the terms have been previously defined.

! As mentioned in conjunction with Equations (B-8.3) and (B-8A), coefficients of anisotropy are pro-
; vided by the CANISO subroutine. The information required by this subroutine is the temperature, the

three principal components of plastic strain during a time interval, three constants related to the cladding|

basal pole distribution at the start of the time interval, and three constants related to the deformation
i

| history of the cladding prior to the time interval. For each time step, the subroutine updates the six con-
stants required and provides the six coefficients of anisotropy required by Equations (B-8.3) through|

( (B-8,5a-c). Initial (no plastic deformation) values of the pole figure and deformation history constants
"

will be discussed in conjunction with the following summary of the equations used in the CANISO

subcode.

For undeformed cladding, with og, a2 83 of Equation (B 8.3) defined to be the axial, circumferential,
and radial components of stress, the expressions used to find the stress anisotropy constants are

(B-8.6a)
AIS = (1.5f - 0.5) g(T) + 0.5

r
(B-8.6b)

A2S = (l.5 f, - 0.5) g(T) + 0.5
(B-8.6c)

/ A3S = (1.5f - 0.5) g(T) + 0.5
8

! /
V

where

a function which is 1.0 for temperatures < 1090 K, O for temperaturesg(T) =
>1255 K, and found by linear interpolation for temperatures between 1090

and 1255 K

verage of the squared cosine between the e asis of grains in the cladding and
f .f .frz6 =

the radial, axial, and tangential reference directions, respectively, weighted by
the volume fraction of grains at each orientation. These aserages can be
obtained from a pole figure and the CTNTUR subroutine described in See-
tion 10.10 (fr = COSTil2, ff = COSF12 - CT2CF2, and fg = |
- COSTII2 - COSF12 + CT2CF2 in the notation of the CTNTUR
subroutine). Values of f , f , and f for typical cladding textures are f x 0.66, ,

| r d r

f = 0.06, and fg = 0.28.b8.2
'

7

. odeled withThe change of the factors, f . I , and f , of Equations (B-8.6a-c) due to deformation '-r 6 f

the following correlations

(B-8.7a)
= -de)(-1.505 + T.O.00895)af

( B-8.7b)
af = -de ,(-l.505 + T.O.00895)

i
!'V (B-8.7c)/ ,

af = -de (-1.505 + T.0.00895)
r y

315 Revised S/81

_ . _ _ _ _ - _ __



l,

CSTRES, CSTRAN, CSTRNI, CANISO

where
E.

af',af',afj change in f . I , and fg dus ,o deformation=r r z

i T (44 K, for temperature < 644 K, the temperature for 5644=
1

1 temperature r 1090 K,1090 K for temperature > 1090 K. '
i

| The strain anisotropy coefficients AIE, A2E, and A3E are gisen by Equations (118.6) and (Il-8.7a-c)
with AIS, A2S, and A3S replaced by ale, A2E, and A3E when the :ladding temperature is below 650 K.

;

i

Ilowever, limited data at temperatures abose 800 K suggest initial strain anisotropy coefficients of 0.5 (the
isotropic values). The description of high temperature strain anisotropy thus requires a separate set of

;

I

f-salues, set initially at the isotropic salues and chanFed during each time step by an amount gisen by
| Equ lions (ll 8.7a-c). The expressions for AIE, A2E, and A3E which are used tc, model this rather com-
1 plex switching from texture dependent to deformation dependent strain anisotropy are

- -

T - 725AIS + [(1.5f; . 0.5) g(T) + 0.5] exp |

; AIE = 3,

exp (T - 725) + 1
'"

gg--

~T - 725! A25 + [(1.5f' - 0.5) g(T) + 0.5] exp
j A2E = -

,g
-

(ll-8.8b)
4

: T - 725exp +1,

i gg

- -

| A3S + [(1.5fg . 0.5) g(T) + 0.5| exp T - 725

{ A3E = -
,g

T - 725 (Il-8 8c)j exp +1gg

w here

!

I f',I',f' deformation dependent parameters set equal to 1/3 at zero=
z

{ deformatien and changed like the parameters, f,,f,, and f in
3 Equation III-8.7) g
1

! Effects of cladding temperature, cold work, irradiation, in reactor annealing, and oxidation on
mechanical properties are expressed as changes in the strength coefficient, K; the strain hardening expo-j
nent, n; end the strain rate sensitisity cxponent, m; of Equations (11-8.1) and (11-8.21. For lully annealed

! isotropie iircaloy-2 or zirealoy-4 cladding, the temperature and strain rate dependent values of m, n, and K
| as show n below ,

i
; (l) Values of the Strain Rate Sensitivity Exponent, ma

i

j For temperature, T,less than 730 K
;

; in = 0.02
(ll-8.9a)

!,

l'or temperature between 730 and 900 K
4

i

.
m = 2.063172161 x 10I+T -7.704552983 x 10-2 + T (9.5(u843067 x 10-5

i

+ T(-3.860960716 x 10-Il))
1

- (ll-8.9b)

I

i

I

I ight to ten ugmfic.nt figures are used in these egresuons to nunimae Jtwontinuitieta.
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_
For temperature between 900 and 1090 K ;

)
m = -6.47 x 10'9' + T2.203 x 10 (B 8.9c) I

a'
>

.

w
IFor temperature between 1090 and 1172.5 K

m = -6.47 x 10' + T2.203 x 10
4 - ,

O for 2 6.34 x 10" /s

j or

I I 6.34 x 10'-2 T - 1090 -

. + 6.78 x 10 l lin I (B-8.9d).

82.6'

( j .

| \ *
4

for < 6.34 x 10' /s

For temperature between 1172.5 and 1255 K
*

., 4
m = -6.47 x 10 * + T 2.203 x 10

1

i 0 for a 6.34 x 10' /s

; or

I *
+ 6.78 x 10 I" (B-8.9e).

5

>4 ( .

3for < 6.34 x 10 h
2

For temperature between 1255 and 2l00 K

m = -6.47 x 10' ^+ T2.203 x 10 . (B-8.9f)
i '

(2) Values of the Strain liardening Exponent, n

For temperature, T, < 1099.0772 K

n = -9.490 x 10' + T[1.165 x 10' + T(-1.992 x 10 + T9.588 x 10 )] . (B-8.10a)

| For temperature between 1099.0722 and 1600 K

n = -0.22655119 + 2.5 x 10 T . (B-8.10b)
1 ,
'

For temperatures >l600 K
! n = 0.17344880 . (B-8.10c)

; When the strain is <n/(t + m), the strain hardening exponent is modifieda to a larger value
than the one given by Equations (B-8.20a-c). The expression used to modify n for strains*

;

< n/(I + m) is
! 'ANL' or '

1 3 -

n' = the smaller of n /[(1 + m).e] L (B-8.10d)
~

( l 1
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where

ANI. = 0.17 fer T s 730 K

0.056. T - 11.218 for temperatures in the range 730 to 780 K; or

0.95 for T ;- 780 K

the number gisen by liquations (ll-8.10a-c)n =

the resised number to be used with 1:quation (ll-8.ll or (11-8.2)in place of n.n' =

(3) Values of the Strength Coef ficient, K

1:or temperature, T < 750 K

s
Ke 1.17628 s109 + 'I[4.54859 s 10'

+ T(-3.28185 s 103 + I~1.72752)) (11-8.1 l a)

l'or temperature between 750 and 1090 K

6
6 2.8m27 s 10 ( l 8.1I b)K r= 2.522488 s 10 c,p ,

,.

l'or temperature between 1090 and 1255 K

K = 1.84137M)39 s 10 - T I.4345448 s 10' (11-8.1 I c)
8

i or temperature between 1255 and 2100 K

4 3
K = 4.330 x 10 + 1 E6.6H5 s 10 +- 'l(3.7579 s 10 - 17.33 s 10 )] (11-8.1 I d )

~Ihe changes in form of 1 quations (ll-8.9a and b) through (118.1la-d) in various temperature ranges
are caused by changes in the phpical mechanism of the plastie deformation. At 700 to 900 K, the deforma-
tion becomes significantly strain-rate-dependent, the strength of the inaterial begins to decrease rapidly
with temperature, and strain hardening becomes relatisely unimportant. This change is pencrall)
attributed to thermal creep at high temperature, but the specilie deformation system change has not been
identified. ihe 1090- to 1255 K region is the u & J phase region f or /ircaloy anJ the region abose 1255 K
is the d phase region for this material.

T he change in the strain hardening esponent due to irradianen and cold-working of eladding is
described by multiplying the salue of n roen in liquations (ll-8.10a-c) by

R K = [0.847 esp (-39.2 COI.DW) + 0.151 + COI DW(-9.16 s 10' & 0.229 COI.1)W)]
'~

')1/3

J.73s10[+2s10
(11 8.12)esp g

COI.DW_

where

strain hardening esponent for irradiated and cold worked material disided byRIC =

the esprewion in liquations (ll 8.10a-c)

clfectise cold-work for strain hardening esponent (unitiess ratio of areas)COI.DW =

changes in the effectise cold work as a function of time and temperature are
mateled by the CANiiAl subroutme discuwed in Section 9)

2cffectise fast neutron lluence (neutrons > l.0 Mes /m ) changes in the effee-+ =

tise fast neutron fluence are modeled by the CAN!!AI. subroutine discuwed in
Section 9).

The change in the strength coelficient due to irradiation and cold-working of the cladding is modeled
with the espreoion

DK = 0.546 COLDW . K + 5.54 s 10'IN + (11-8 . 1 3 )
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| Equations (B-8.1la-d) for the strength coefficients, K, of fully annealed, isotropic cladding are based on
| uniaxial tests of cladding,B-8.5 B-8.27, on uniasial plate tests -8.20 and on two closed tube burstil
i tests.B-8.2 For the low temperature data, the effects of varying amounts of cold-work and stress relief in

the tubing tested were removed prior to including the measured values of K in the data base. This was done
by using the cladding annealing model discussed in Section B-9 and the models for the effects of irradia-
tion and cold work which will be described in the next subsection. The effects of different strain rates were
similarly remosed with the model discussed in presious paragraphs of this Section ,a

The strength coefficients based on uniasial tests of cladding were modified to apply to isotropic cladding
using the empirical anisotropy coefficients discussed in the previous subsection. This was done by
substituting values of effectise stress from Equation (B-8.3) and values of effective strain from

|
Equation (B-8,5a)into the equation of state, Equation (B-8.1) to obtr.in

K ~I ~

t

'z" [-
IU'8'27Iof == 1+m+n '

2 -

_1.5 f + 1.5 f ) _
( r g

a. Strain rate effects and annealing efIccts were emoved from K as follows: fir i K' as gisen in Reference B 8.5 for use in the
esgvession e = K','' was redefined to be equal to

. ' . .m
K' = K

/O) '104/5~

\ / , then the fractional change in K espected from sarying amounts of cold-work and anneahng was remosed to gise salues for the K of
\ annealed tuNng consistent with the model adopted by N1 ATPRO for the effects of told-work and anneahng.
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f hus, the hatropic strength coef ficient is related to the strength cocificient deteimmed in a tmiaiual test by
the espreuion

1.Sf)Ie m en/*' (llH.2H)K=Kasial test (1.5T
+

r o

t hk approach h diffew than the usual practice d aking the uniasial test as the equation of state.II H 43t

'Ibe ne+ approach rm+ n the scatter in salues of K because she teitture of the material being tested n
consittered.

UllfortutVRly, values of [7 and fg) were flot gnett in Referetite 11-H.$, so estiinated Valises based 0:1 the
testure fattors were employed. T he appioitimation w hich worked best to reduce the scatter in salues of the
strength cocificient was

I, t I = | - [aitial (002) testute coellicient|/4. (11 H.29)g

~Ihc factor of 1/4 was determint.d by requirmg the sum of the asial, tangential, and radial (002) testure
coef ficients of Referente Il H.5 to be approitimately 1.5 (f f actors sum to I).

Iht bai.e data and the salues of the strength coef ficient predicted by the NI AIPHO mrrelation of the
strength wellicient I quations (ll-H lla-d) are show n in I igure ll-H.5.1)nwntmoilies in the slope of the
predicted suength coef ficient as a function of temperature oc6ur at 750, lar>0, and 1255 K.

Values of the strength wc!!itient from llN11 NURL:U.1%|, Gl: Nil' 4H2, and ANI -75-5H were
calculated f rom ultimate temite strengths (picsumed - maitimum engineering strength at comtant
engineering stram rate). In order to estimate Kagjag gest, the asial stlew and strain rate are cometted to
their engineering eipmalenn,d the true strain at masimum enginceting strew h tounit,b and thh true stram
is substituted into lipiation (ll-H.1) to imtl

n
S eit pmn I +m

t11 H.10)
.

K, i . _-
aitial test m

(, e ,pary-_
,

,0
L

'

J

w hele

mm.Luum engineenng strew (Pa)Smn "

enginceIInt W Jin late (i ).e m

I hn approath is not scry sati factory became it neglech pouible necking of the test sample. It h med
becatne true .trew/true stram cunes are not asailable.

I he most impostant strength cocificient data .how n in i igure il H.5 are the two value'.de*ctmined f rom
data in 1:PRI NI'.526 tVol. 3). Ihe.e urength metlistenh were determined with a least sipiates regreuion
tethuique whith lound the sahm of K, n, anil m of lipiation (ll'H.1) which best fit the meastned s,. lues of
the siten and plastic strains

.__ _

.

D
'

e , y

tate t essi leur uram)

b I bf lt tle ot alli al IUa* HHullt (DWilH'f f ilt2 o f fi% 411b L ol1%f ant FDy HleTi ttig

m ani a mic n I + no n.
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1000 , , ,
,
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[ Figure B-8 6. Data and least-squares fit to strength coefficiente as a function of cold work and irradiation at room
temperature.

To estimate the ef fect of temperature on this correlation, values of the strength coefficient determined
from the limited data from References 118.12 and 118.10 at temperatures of 553 and 573 kelvins were also
fit to a straight line with the resultant correlation

K' = 373 + 2.18 CWK = 373 (1 + 0.64 CWK) . (11 8.32)

Comparison of the two results shows that they are consistent with a temperature dependent espression of
t he' form

K' = K (T)[I + constant CWK] (11833)

where

the temperature dependent function describing the behavior of the strengthK (T) =

coefficient of annealed rirealoy , ;uations (ll-8.lla) to (ll 8.lle)).

The form of Equation (118.33) has therefore been assumed. The constant coefficient of the cold-work is[n\ taken to be 0.546 as determined at room temperature because tFe room temperature data exhibit much less
scatter then the high temperature data taken from ,eseral different sources.
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l'irure 11-H.7 illustrates the effect of cold-work and irradiation on the strain hardening esponent, n .n
deterrnined at room temperature in Reference Il M.H. ihe strain hardening esponent of umtradiated
rnaterial show n in iigure Il N.7 can be described by the empirical relation d'

n = 0.11 esp (-39.2 CWN) + 0.0)(CWN)2 ,0.12tCWN) + 0 021 (11-M.14)

w here

CWN cffectise cold work for stram hardening esponent.=

'Ihis expreuion is cuentially a decreasing esponennal function for small salues of cohl-work and a slowly
increasing parabola for large salues of cold work.

At higher temperatures, trends eshibited by the limited and scattered salues of n (which h.nc been
obtained at $$3 kelsins H.12 and $73 kehinfl H.10 are consistent with the auumption that the frattionalil
changes in n with cold work are similar to the fractional changes in n at room temperature. ihe f ollowing
fundional relationship h anumed in the present model

n (T, cold work) = n (I) -(" 'u"cohl-work) ,
" " '

(ll-M.35)n at

0.16
g y , y ; y 7- ,

o Oport symbols transverse direction

0.14 -
sed symbols lon0 udnal dhochon

_
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tigure n-8.7 Dois and anni * terat runctions fue strean hardening euef fident si e runct6un of .old =nrk and irrajanon at room
temperature.
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TABLE B-8.I

j STRENGT11 COEFFICIENT CALCULATED WITI! DATA OF
L. S. RUBENSTEIN

Ultimate
Tensile

Temperature Oxygen Content Strength Calculated K gjg
(K) (weight fraction) (MPa) O!Pa) o

297 0.0009 524 781 1.00
297 0.0018 616 918 1.18
297 0.0034 785 1170 1.50
297 0.0063 949 1414 1.81

422 0.0009 354 527 1.00
422 0.0034 544 811 1.54
422 0.0063 680 1013 1.92

533 0.0009 266 396 1.00
533 0.0018 298 444 1.12
533 0.0034 361 538 1.36
533 0.0063 462 688 1.74

644 0.0009 227 338 1.00
rw 644 0.0018 241 359 1.06
( 644 0.0034 283 422 1.25

I

\'- 644 0.0063 373 556 1.64

and reported only the parameters K, n, and o for many different strain intervals and oxygen concentra-o
tions. The additional variable, o , will cause the stress, o, resulting from Equation (B-8.40) for a given e too
differ from that of Equation (B-8.3) for the same K and n.

t

The Argor ne curm generally start at strains of 0.0004 and their data are fit accurately to the Ludwik
equ:. tion l'y dividing tie tw curve into two on three strain intervA with different values of K, n, and og
for each imerval. There are scattered examples in the Argonne results indicating that this a,)proach may be

inappr,opriate for small strains. In several of these cases, ao < 0. Since ao can be interpreted as the yield
stress,6 8 43 a nega ve value indicates a physical inconsistency. To avoid these problems, the Argonne

'

correlations were use' only for strains greater than an arbitrarily chosen minimum of 0.002.

To get a base for a model, " data" were generated using Equation (B-8.40) and fit to Equation (B-8.3)
(the llolloman equation). The strain intual(from 0.002 to the maximum reported strain) was divided into
20 equally-speed intervals for each temperature-oxygen content combination. The Ludwik equations
were then used to find a stress associated with each strain, and the resulting stress-strain pairs were fit by
the method of least-squares to the liolloman equation. Only those tests where $ = 10-3 s were used. This/

included 82 equations describing 60 different samples. The fluctuations in the resulting strength coefficient
and the strain hardening exponent were much smaller for the Holloman equation than they were for the
Ludwik equation.

I i for these derived data, the ratio (K/K ) was calculated, as was done with the low temperature data. Aso
with the Rubenstein data, (K/K ) increases with oxygen concentration for all temperatures.o

1
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0) corretarton for the Effra of ox>sen concentration on the strength coeffuient-Because little is known about
the physical mechanism causing the strength coefficient of zircaloy to change with oxygen concentration, a
model based on theory is not possible at this time. An empirical fit to the data is therefore the approach
chosen. In addition to fitting the data, the correlation should satisfy the obsious condition that
(K/K ) = 1 when C = Co. A quite simcte correlation which does this iso

K
1 + a (C - C ) ( B-8.41 ){o = o

where

C oxygen concentration (weight fraction)=

C oxygen concentration of as-received tiri aloy (weight fraction)=o

a function of temperature to be determined (weight fractionrI.a =

An equation of the form of Equation (118.41) for each temperature was generated by a least-squares fit
technique using the data. The results are presented in Table B-8.II.

The ratio (K/K ) derived from Equation (B-8.41)is plotted as a function of oxygen concentra ion for allo
temperatures used in Figure B-8.8. The data from Table B-8.!! are shown in the same figure. The six
lowest temperatures are represented by a single line with a = 130 because they are too close together to be
distinguishable.

The general characteristics of the temperature dependence of a are that it is relatisely constant until
about 1200 kelvins, rises rapidly between 1200 and 1400 kelsins, and then begins to lesel off. The leveling
off is based on only the data point at the highest temperature. Howaer, there are 100 few data to justify a
sophisticated correlation. A single function can be found which fits the data with acceptable accuracy over
the entire temperature range, thus hasing the advantages of automatically asoiding discontinuities and
fitting compactly into a computer routine. For 300 < T < 1673 kelsins, the function is

TABLE B-8.II

RATE OF CHANGE OF K/K WITH OXYGEN CONTENTo

Temperature
(kelvins) a

_

297 160
422 178
533 137
644 115

1123 89
1173 95

1223 343
1273 541
1323 676
1373 891
1673 1116

0
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It is somewhat surprising that a model based on uniasial ch.ormation and empirical texture coefficients
CN stays within about 25 K of these biaxial data. Apparently the temperature dependence of the strength coef-j

!, I ficient for the "second mode" of deformation discu' sed in Section 11-8.9.3 is similar to the temperature
\d dependence of the mode observed with uniaxial tests, inspection of Ihe predicted strain curves and liardy's

data seems to confirm the different (hrge) strain hardening esponent found with the biasial test by llann.
Strains are systematically underpredicted when they are small and tend to be oven oredicted when they are
large. It is also possible that the relatively large initial strain is caused by an as yet unmodeled anealistic
deformation.

A more sensitive test is provided by a stress rupture experiment reported by 11. M. Chung -8.24 in thisil
test, temperature and pressure were set at 1023 K and 5.2 MPa. Chung's data and the MATPRO model
predictions for 1023 and 1048 K are shown in Figure 118.19. The model overpredicts cladding streng'h at
1023 K but the prediction at 1048 K r.pproximates Chung's data fairly well out to strains of 0.2 where
ballooning becomes important.

8.5 Uncertainties

Equations (11-8.17 to 11-8.19) for the expected error of the constants K, n, and m obtained by comparing
values predicted by Equation (11-8.9) to (118.11) with their rewn data base. Two points should be
emphasized for users of these expressions (a) they are not standard errors and (b) they do not apply to
irradiated or oxidiicd material. Standard error was not used as a measure of uncertainty because the scat-
ter in the data is a function of temperature. Use of a single standard error would lead to nonphysical
predictions such as negative strengths at high temperatures and there is not enough data to defi.ne a more
reasonable distribution than the Gaussian distribution of the usual standard error definition. The error
estimate cf Equation (118.111 seems to be consistent with the comparison to burst tests which were
discussed in the previous se; tion. That is, the error from Equation (11-8.11) (strength coefficient /.i.0) is,. g

(v}
approximately equivalent to an error of 25 K. The limited burst test data also were found to be in error by
25 K.

0.3 i i i i t

a
o Chung's data __

o

00.2 - -

r ae o 1048 K3
- -y o

5
% o
E 0.1 -

g
0a a -

U o
o

U U 1023 K-

o __

o
- -

.

O I I I I

O 10 20 30 40 50

'*O IO) INEL A-t4 259

i i

\._) Hsure n-a.19 Measured diac,eirat iermin .crs , M Airuo prediction ror chune' ie,s : 1023 h and 5.2 Mrs.
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8,6 Listing of the Subcodes CSTRES, CSTRAN, CSTRNI and CANISO

Tables ll 8.IV to ll-8.Vil present listings of the CSTRES, CSTRAN, CSTRN1 and CANISO subcodes.
The subroutine CKNIN which is presented in Table Il 8. Vill is called by each of the first four subroutines
to obtain values for the strength coefficient, strain rate sensitisity exponent, and strain hardening expo-
nent. The expected uncertainties of the strength coefficient strain rate sensitisity exponent and strain
hardening exponent are computed within the sutcoutine CKNIN but are not returned.
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TABLE B-8.IV

LISTING OF THE CSTRES SUBCODE

SUBROUTINE CSTR E S (C TEM P,D EL OX Y,F NC K,F NC N,C WKF. CWNF ,
# RS TR AN, S TR AN T, STRE ST )

C
C CSTRES C ALCULATES CLADDING EFFECTIVE STRESS AS A FUNCTION OF
C TRUE CLADDING STRAIN, TRUE CL ADDING STRAIN R ATE,
C CLADDING TEMPERATURE. AVERAGE OXYGEN CONCENTR ATION
C IN C L ADDING, F AST NE UT RON FLUE NC E, AND COLD WORK.
C

OUTPUT EFFECTIVE TRUE STRESS (PA)C STREST =

C
INPUT EFF EC TI VE TRUE PLASTIC STRAIN (UNITLESilC STRANT =

INPUT EFF ECTIVE TRUE PL AS T IC STR AIN R ATE (S**(-13)C RSTRAN =

INPUT C L ADDING MESHPOINT TEMPERATURE (K)C CTEMP =

C DELOXY = INFUT AVERAGE OXYGEN CONCENTR ATION EXCLUDING
C OXIDE L A YER - AVERAGE OXYGEN CONCENTRATION OF
C AS RECEIVED CLADDING (KG OXYGEN /KG ZIRC ALOY)

INPUT EFFECTIVE FAST FLUENCE FOR STRcNGTHC FhCK =

C COEFFICIENT (NEUTRONS /(M**21),,

I NPUT EF F EC TIVE F AST FLUENC E F OR S TRAIN HARDENINGd C FNCN =

C EXPONENT (NEUTRONS /(M**21)
INPUT EFFECTIVE COLD WORK FOR STRENGTHC CWKF =

C COEFFICIENT (UNITLE SS R ATIO OF AREAS)x INPUT EFFECTIVE COLD WOR K F OR S TR AIN HARDENING9 C C W NF =

# C EX PONE NT (UNI TLESS R ATIO OF ARE AS )
E C

C THE SU8 CODE CKHN IS USED IN THIS SUBROUTINE Q2

h C ONV ER SION FROM PA TO PSI IS 1.4 50$E-04 (PSI /PA)
C C S TR ES WAS ADAP TED FROM CSTR AN (A SUBROUTINE BY 9.L. MILLER AND -QC

C R. R. HO BB IN S ) BY G.A. BER NA IN AP RIL 19 75 Q
C MODIFIED BY D .L . H AGRM AN OCTOBER 1, 1978 H
C MODIFIED BY D. L. HAGRMAN TO REDUCE Y IELD S TRENGTH W i

|
C TO MEASURED VALUES J ULY 1981.

C ALL CKMN(CTEMP,DELOXY, FNCK,FNCNaCWKF,CWNF, AST RAN, AK, AN, AM) n
m

C
C R E V IS E AN F CR SMALL STRAINS d

IF(STRANT . L T . ( A N / ( 1. + AM I ) ) AN = AN * AN /((1. + AM) * z
4 STRANT) .-

0.17 oAHL =

IF(CTEMP .GT. 730.) ANL = 1.56E-02 * CTEMP - 11.218 >
Z0.95IF (CTEMP .G E. 7 80. ) ANL =

ANL gIF ( AN .GT. ANL) AN =

a
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TABLE B-8.IV (continued) :-

C>
2

= AK * ((RSTRAN/1.0E-3)**AM) EARG
S TR EST = ARG * (STRANT**AN) O

C
RETURN
ENC

d
a

x
3
5'
c.
(
5,

!
|

,

O @ O
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TABLE B-8.V

'
LISTING OF THE CSTRAN SUBCODE

SUBROUTINE CSTRAN ( C N M P, DE LOXY, F NC K, F NCN,C WKF ,CW1 F,
s RS TR A N,S TR ES T, S T R AN T )

C

khuh bL Db G REkk, fRhk hL ADb N S RA N RA ,C
C CL ADDING T EMPER ATUR E, AVERAGE OXYGEN CONC E NTR A TI ON
C IN CLADDING, FAST NEUTRON F LU ENC E , AND COLD h0RK.
C NO INTERNAL ITER ATIONS ARE CONTAINED IN CSTRAN. IT IS
C ASSUMED THAT THE USER WILL ITERATE THE INPUT VALUE

! C OF RSTRAN. SEE SUBCODE CSTRNI FOR ITERATED VERSION.
C
C STRANT = OUTPUT EFFECTIVE TRUE PL AS TIC STR AIN (UNITLESS)
C

INPUT EFFECTIVE TRUE STRESS (PA)C STREST =

INPUT EFFECTIVE TRUE PLASTIC STRAIN RATE (S**t-1))C RSTRAN =

INPUT CL ADDING MESHPOINT TEMPERATURE (K)i C CTEMP =

INPUT AVERAGE OXYGEN CONCENTRATION EXCLUDINGC DELOXY =

w C OXIDE LAYER - AVERAGE OXYGEN CONCENTRATION OF
,

'

$ C AS RECEIVED CL A0 DING (KG OXYGEN /KG ZIRC ALOY)
INPUT EFFECTIVE FAST FLUENCE FOR STRENGTHC FNCK =

C COEFFICIENT (NEUTRONS /(M**21)
INPUT EFFECTIVE FAST FLUENCE FOR STR AIN H ARDENINGx C FNCN =

,

3 C EXPONENT ( N EU TR ON S / ( M ** 21 )'

* C C W KF = INPUT EFF EC TI VE COLD WORK FOR STRENGTH
E C COEFFICIENT (UNITLE SS R ATIO 0F AREA 5)

INPUT E FFEC TI VE COLD WORK FOR STRAIN HARDENING 9> = C CWNF =

@ EX PONENT (UNI TLE SS R ATIO OF AREAS) y
C THE SUBCODE C AMN IS USED IN THIS SUBROUTINE 5
C

CONVERSION FROM P A TO PSI I S 1.4 50$ E-04 (PSI /PA) O
{
C CSTRAN WAS CODED BY R. L.6 M IL LER AND R. R. HOB BI NS $
C IN MARCH 1974 74

! C MODIFIED BY D. L. HAGRMAN O C T O BE R , 19 78 -

C MODIFIED BY D. L. HAGRMAN TO REDUCE YIELD STRENGTi n'

C TO MEASURED VALUES JULY 1981. $.

bC ALL CKMN(CTEMP OELOXY,FNCK,F NCN,CWKF,CWMF, RST R AN, AK, AN, A M)
STRANT = (S TR ES f /( AK

~

* ( ( RS T R AN/1.0E-03 ) * * AM ) ) ) * * ( 1.0 / AN )
C n,

.

: C RCVISE AN FOR SMALL STRAINS >
jIF ( STR ANT .GE. (AN/(1. + AMI)) GO TO 10G

|

i

!,
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TABLE B-8.V (continued) -Z

4
x

AN L = 0.17
-3-II =0

IF(CTEMP .GT. 730.) ANL = 1.56E-02 * CTEMP - 11.219 O
0.95 $IF(CTEMP .GE. 790.) ANL =

50 II = II + 1 -

AN * AN /((1. + AM) * STRANT) $ANA =
ANLIF(ANA .GT. ANL) ANA =

S TR A NT = (( STRE ST/ ( AK * ( ( R S TR A N /1.0 E-03 ) * * AM l l) * * ( 1. 0 / A N A )
s + STRANT I * 3.5
IF(II .LT. 9) GO TO 50

100 CONTINUE

R ETURN*

END
z
O
g- -.

c.
Go

_

l

O O O
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TABLE B-8.VI

LISTING OF Tile CSTRNI SUBCODE

SUBROUT INE CS TRNI (DELH C TEMP, DELOX Y, FN CK, FNCNa CWKFe C WNF.
8 S TRE STe S TR ANT)

C
COMMON /BLK1/ TIME , *DB .

C CS TR NI CALCULATES CLADDING STRAIN AS A FUNCTION OF
C T RUE CL ADDING STRE SS, INITIAL TRUE CL ADDING STRAli,
C TIME STEP SIZEe CLADDING TEMP ER A TURE e AVE R AGE OXYGE"
C CONCENTR ATI ON IN CL ADDING, F AST NEUTR ON F LUENC E,
C AND COLD WORK.
C
C STRANT = OUTPUT EFFECTIVE TRUE P L AS TIC STRAIN AT THE END OF
C THE CURRENT TIME STEP (UNI TL ES S)
C
C STREST = INPUT EFFECTIVE TRUE STRESS (PA)
C STRANT INPUT EFFEC TIVE TRUE PLASTIC STRAIN AT THE START=

C OF THE CURRENT TIME STEP (UNITLESS)
C DELH IN PUT TI ME S TEP SI Z E (S )=

,

C CTEMP INPUT CL ADDING MESH /0 INT TEMPERATURE (K)=m
C DE LOXY INPUT AVERAGE OXYGEN CO N C E N T R AT ION EXCLUDINGu =

*
C OX IDE L AY ER - AV ER A GE OXYGEN CONCENTRATION OF
C A S R EC EI VED CL ADDING (KG OXYGEN /KG ZIRC ALOY)
C FNCK = INPUT E FFECTIVE F AST FLUENCE FOR STRdNGTH,'

C COEFFICIENT (NEUTRONS /(M**2))a
C FNCN INPUT EFFECTIVE F AST FLUENCE FOR ST RAIN 4 ARDENING=

g C EXPONENT ( N EU T?.ON S / ( M * * 2 ) )
INPUT EFFr.C7;dE COLD WORK FOR STRENGTH QC C W KF o, .

'; C COEF FICIE 4T (UNITLE SS R ATI O OF AREAS) Hs
5 C CWNF INPUT EFF EC TIVE COLD WORK FOR ST R AIN H ARD ENING *=

EX PONE NT (UNITLE SS R ATIO OF AR E AS I %{
C THE SUBCODE CKMN AS USED IN THIS SUBROUTINE O>

C H
C CO NVE RS ION FROM PA TO PSI IS 1.4505E-04 (PSI /PA) y
C CSTRNI WAS CODED BY D. L. H AGRMAN OC T CB ER 1977 -2
C MODIFIED BY D. L. HAGRMAN OCTOBER 1978 n
C MODIFIED BY D. L. HAGRMA1 TO REDUCE YIELD S TR ENGTH $
C TO ME ASURED VALUES JULY 1981. x
C MODIFIED BY D.L. HAGRMAN TO L IM IT STRAIN RATE 2

| C TO AT LEAST 1.0E-0$ IN ALPHA + BETA REGION JULY ~

'

C 1981 (CDR-MP-02) g
' z
'

o
:

!

F

i
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TABLE B-8.VI (continued) @
,

0
RSTRAN = 1.0E-03 $
C ALL CKMN (CTEMP,0 ELOXY,F NC K, FNCN,CWKF CWNF,RSTR AN, AK,4N AM) >
T * CTEMP ?!

hIF(STRANT .LT. 1,02-06) STRANT = 1.0E-06

C RE VISE AN FOR SM ALL STRAINS {
IF (S TR A NT . L T. (AN/(1. + AM))) AN =AN* AN /((1. + AM) *

5 # STRANT)
.-

n
0.17 >ANL =

IF(CTEMP .GT. 7 30. ) ANL = 1. 5 6E-02 e C T EM P - 11. 218 2
0.95 GIF (CTEMP .GE. 730.) ANL =

ANL OIF ( AN .GT. ANL) AN =

C
STRANTSTRAN4 =

II 0=

(( AN/AM + 1.0 ) * ( 1. 0 E-3 ) * ( ( S TR ES T / AK ) * * ( 1. / AM ) ) * 0E L N10s STRANT =

# + (STRAN4)**(AN/AM + 1.0)l**(AM/(AN+AMI)w
(STRANT - STRAN4)/DELH$ RSTRAN =

C C ORR EC T AM FOR REVISED RSTR AN IF NEC ESS ARY
IF(T .LT. 1090.) GO TO 200

x IF(T .GT. 1255.) GO TO 200
9 IF(RSTRAN .GT. 6.34E-03) GO TO 200
i IF (RS TR AN .L T . 1.0 E-05 ) RSTR AN = 1.0E-05
E II II + 1=

-6.4E-02 + T*2.203E-04a AM =
s IF ( T - 117 2.5) 123,123,124

AM + 6. 78E-02 * A L OG ( 6. 3 4 E-03 /R S TR AN ) * ( ( T-109 0.1/ 8 2. 5112 3 A M- =

GO TO 125
124 AM = AM + 6.78E-02 * ALOG( 6. 3 4 E-03 /R S T R AN )* ( ( 1255.-T ) / 8 2. 5 )

AM + EXP(-o9. * DELOXY)125 AM =

IF(II .LT. 10) GO TO 104
C

200 CONTINUE
RETURN
END

9 O O
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TABLE B-8.VII

LISTING OF THE CANISO SUBCODE

SUBROUTINE CANISO (D E P1,) E P 2,D EP 3, C TE MP, F ir e F 2 P,F 3P , A 10, A 20,
4 A3D , A15, A25, A3SsA1E,A2E,43E)

C
C C ANISO C ALCULATES COEFFICIENTS OF AN IS OTROPY FOR RELATING
C EFFECTIVE STRESS TO STRESS COMPONENTS AND RELATING
C EFFECTIVE STRAIN TO STR&I N COMPONENTS
C

OUTPUT COEFF IC IENT OF ANIS 0 TROP Y FOR C ALCUL ATINGC A15 =

C EFFECTIVE STRESS (UNITLESS)
OUTPUT COEFFICIENT OF ANISOTROPY FOR C ALCUL ATINGC A2S =

C EFFECTIVE STRESS ( UN I T LE S S )
C A35 = OUTPUT COEFF ICIENT OF ANISOTROPY FOR C ALCUL ATING
C EFFECTIVE STRESS (UNITLES$)

; C
~

C T HE FORM OF THE E QU ATION FOR EFFECTIVE STRESS IS ASSUMED TO BE
C EFFECTIVE S TRESS = ( AIS * (SIGMA 1 - SIGMA 2)**2 +'

C A2S * (SIGMA 2 - SIGMA 3) ** 2 +'

C A3S * (SIGMA 3 - SIGMA 1)**2 1**0.5w
S C WHERE SIGMA 1, S IG M A 2 AND SIGMA 3 ARE PRINC IP AL &XIS

STRESS COMPONENTS
{

OUTPUT COEFFICIENT OF ANISOTR OPY FOR C ALCUL ATINGx C AIE =

9 C EFFECTIVE STRAIN
OUTPUT COEFFICIENT OF ANISOTROP Y FOR C ALCUL ATING* C A2E =

E C EFFECTIVE STRA N,

OUTPUT COEFFIC ENT OF ANISOTROPY FOR C ALCUL ATINGC A3E' ==
s C EFFECTIVE STRAIN

: C @-

! C THE FORM OF THE EQUATION FOR EFFECTIVE STRAIN IS ASSUMED TO BE -

C EFFECTIVE S TRAIN = SUM OF EFFECTIVE STRAIN INCREMENTS n
C $,

C WITH THE STRAIN INCREMENTS DEFINED IN T ER MS OF ST4.'IN x
INCREMENT COMPONENTS S Y'

(1.0/(A1E*A2E + A2E*A3E + A3EALE)) * nC DEL EFFECIIVE STR AIN =

C A1E * (A2E * DEP1 - A3E * DEP2)**2) + m

$C A2E * ( A3E * D EP2 - ale * DEP 3)**2) +
C A3E * ( AIE * DEP3 - A2E * DEP1)**2))**0.5 2
C

-
.

'

! C WH ER E D EP1, DEP2 AND DEP3 ARE PL AS TIC S TR AIN INCREMENT n
C COM PON E NT S >

Z
C

OUTPUT VOLUME WEIGHTED AVERAGE COSINE OF THE ANGLE GC F1P =

C BE T WEEN BASAL POLES AND C00RDIN AIE AXIS 1 AT THE END O

! C OF THE CURRENT TIME STEP
i

i

I
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TABLE B-3.VII (continued)
x
*w

OUTPUT 'v 0 L UM E WEIGHTED AVER AG E COSINE OF THE ANGLE hC F2P =

C BETWEEN B AS AL POLES AND COORDINATE AXI) 2 AT TME EN D m
H

C OF THE CURRENT TIME STEP
OUTPUT VOLUME WEIGHTED AVER AGE COSINE OF THE ANGLE $C F3P =

C BETWEEN B ASAL POL ES AND COORDIN ATE AXIS 3 AT THE END -z
C OF THE URR ENT TIRE STEP

OUTPUT HICH TEdPERATURE STRAIN AN I S OTR OP Y COEFFICIENT $C A1D =

C AT THE bND OF TNF C IM R E N T TIME STEP (UNITLESS) *
2OUT PUT HI GH TEMPERATURE STRAIN AN I S O TR OP Y COEFFICIENTC A2D =

C AT THE END OF THE CURRENT TIME STEP ( UN IT LE S S )
*

OU TPUT HIGH TEMPERATURE STRAIN AN IS OTR OP Y COEFFICIENT QC A3D =

C AT THE END OF THE CURRENT TIME STEP ( UN IT LE S S ) z

INP LT CL ADDING T E M PER ATUR E (K)C C TEMP =

INPUT C L ADDING PL A S TIC S TP AIN INCREMENT ALONG 1 STC DEP1 =

C A XI S D URRING THE CURRENT TIME STEP (UNITLESSI
INPUT CLADDING PL A STIC STR AIN INCREMENT ALONG 2 NDC DEP2 =

C AXIS DURRING THE CURRENT TIME STEP (UNITLESS)
INPUT C L ADDI NG PL AS TIC STRAIN INCREMENT ALONG 3 RDC DEP3 =

F C AXIS DURRING THE CURRENT TIME STEP (UNITLESS)
INPUT VOLUME WEIGHTED AVERAGE COS INE OF THE A NGL EE C F1P =

L BETWEEN BASAL POL ES AND COORDIN ATE AXIS 1 AT THE START
C OF THE C URR ENT TI ME STEP

INP UT VOLUME WEIGHTED AVERAGE COSINE OF THE ANGLEx C F2P =

9 C BETWEEN BASAL POLES AND COORDIN ATE AXIS 2 .T THE START
i L OF THE CURRENT TIME STEP

INPUT VOLUME WEIGHTED AVERAGE C OS IN E OF THE ANGLEE C F3P =

= C BETWEEN BASAL POLES AND COORDIN ATE AXIS 3 AT THE START
s C 0F THt CURRENT TI ME STEP

INPUT HIGH TEMPERATURE STRAIN A NI S O T RO P Y COEFFICIENTC A1D- =

L AT THE START OF THE CURRENT TIME STEP. SET = 0.5
C FOR THE FIRST STEP

INPUT HIGH T EMPER ATUP E STR AIN ANIS OTROPY COEFFICI EN TC A2D =

C AT THE ST ART OF THE CURRENT TI ME S TEP. SE T = 0.5
C F OR THE FIRST STEP

INPUT HIGH T EMPER ATUR E STR AIN ANISOTROPY COEFFICIENTC A3D =

C AT THE START OF THE CURRENT T IME STEP. SET 0.5=

C FUP THE FIRST STEP
L
C THE CORRELATIONS USED Is THIS SU BC OD E ARE BASED ON OATA FROM:
C C. R. HANN ET. AL., TRANSIENT DEFORMATION PROPERTIES
C OF ZIRCALOf F OR L OC A S IMUL ATION, NP-526, VJLUME 3 (MARCH 1976).
C

C ANISO W AS CODED BY D. L. HAGRMAN OCTOBER 1978
L MODIFIED BY D. L. HAGRMAN IN JUNE 1979

O O O
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TABLE 3-8.VII (continued)

C MODIFIED BY D. L. H AGRM A9 J ULY 1981 TO KEEP AID,A2 dea 30,
C AIP,A2P, AND A3 P IN THE RANGE O - 1 5 (COR-MP-04)
C
C
C CONVERT F FACTORS TO APPROPRI ATE ANISOTROPY COEFFECIENTS

1. 5 *F 2 PA3 P =

A27 = 1. 5 * F1P
alp = 1.5+F3P

C
SAO = 1.0

7. 606060 6 - CT EM P * 6.060606E-03I F (C TEMP .GE. 1090.) SAO =

0.0IF (C TE MP . G E . 12 5 5. ) SAO =

725.1/18.) + 1.01| SPD = 1.0/( EXP((CTEMP -

R A C = -2. 75 7 + C T EM P * 1. 3 4 3 E -02
0.52762IF (C TE MP .LE. 644.0) RAC =

IF(CTEMP . G E . 10 90. ) R AC = 6. 5174
APN = 1.0
IF(A1P .GT. 1.48) APN 0.0=

IF(A2P .GT. 1.49) APN = 0.0
IF(A3P .GT. 1.48) APN = 0.0m

e IF ( A1P .L T. 0.02) APN = 0. 0, '
IF( A2P .LT. 0.02) APN = 3.0' ~

IF(A3P .LT. 0.02) APN = 0.0
ADN = 1.0

0.0r IF( AID . G T . 1.4 8 ) ADN =-

! O IF(A2D .GT. 1.48) ADN = 0.0
7 IF(A3D .GT. 1.48) ADN 0.0 n=

E IF(AID .LT. 0.02) ADN 0.0 m=
H= IF(A2D .L T . 0.02 ) ADN = 0.0

A IF ( A3D .L T. 0.02) ADN = 0.0 $
R AC* APN* DE P3
R AO * A P N * D E P 1

*malpalp~ = -

A2PA2P = -

. A3P = A 3P - R AC* APN*DE P2 9
H

| C IF(ALP .GT. 1.50) P RINT 901
1. 49 y; IF(alp .GT. 1.5) alp =

C IF(A2P .GT. 1.50) "RINT 902 -7'1.49IFIA2P .GT. 1.5 ) t.2 P =

C IF( A3 P .GT. 1.50) PRINT 903 0

IF(A3P .GT. 1. 5 ) A3P = 1. 49 $
C IF(alp .LT. 0.00) PRINT 904 x

IF(alp .L T . 0.00) ALP = 0.01 3
C IF(A2P .LT. 0.00) PRINT 905 -

0.01 OIF ( A2P .L T. 0.00) A2P =

i C IF(A3P .LT. 0.00) PRINT 906 @
4

IF(A3P .LT. 0.00) A3P = 0.01 -

) Al D = AlD - RAC*ADN*DEP3 $

|

I
J
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TABLE B-S.VII (continued) $
N
0
4A2 D = A20 - RAC*ADN*DEP1 W

A3D =A3D- R AC * A DN * D E P 2
C IF ( A ID .GT. 1.50) PRINT 901 $

(F(A10 .GT. 1.5) A1D = 1.49 -

C IF(A2D .GT. 1.50) PRINT #02 e
1.49 dIF ( A2D .GT. 1.5) A2D =

C IF(A3D .GT. 1.50) PRINT 903 x
IF(A3D .GT. 1.5) A3D = 1.49 Z

-

C IF(AID .LT. 0.00) PRINT 904
IF ( AID .L T e 0.00) AlD = 0.01 o

>
C I F( A2 D . LT . 0.00) PRIN T 905 2

IF(*2D .LT. 0.00) A2 D = 0.01
r IF(A3D .LT. 0.00) PRINT 906 K

-0.01IF(A3D .LT. 0.03) A30 =

901 FORMAT (94H ERROR IN ANISOTROPIC CL ADDING D E F O R." A T I 3 N
8 Al TOO LARGE. TRY SMALLED T IME STEF S.)

902 FO RM AT (94H ERROR IN ANISOTROPIC CLADDIN3 OEFORMATION
8 A2 TOO L AR GE. TRY SM AL LE R T IME ST E PS. )

903 FORMAT (94H ERROR IN A NI s 0TR OPI CLADDING DEFORMATION
& s A3 TOO LARGE. TRY SMALLER TIME STEPS.)m
~ 904 FORMAT (94H ERROR IN ANISOTROPIC CLADDING DEFORMATION

s Al TOO SMALL. TRf SMALLER TIME STEPS.)
905 FORMAT (94H ERROR IN ANISOTROPIC CL ADDING DEFORMATION

f 4 A2 TOO SMALL. T RY SMALLER TIME STEPS.)
1 906 FORMAT (94H ERROR IN ANISOT ROP IC CL ADDING DEFORMATION
4 5 A3 TOO SMALL. TRY SMALLER TIME STEPS.)
' ale = (ALP *SPO + AID *(1.0 - SPD)) * S A O + 0. S * ( 1. 0 - S A O )

(A2P*SPD + A20*(1.0 - SPD)) * SAO + 0 . 5 * ( 1. 0 - S A O )R A2E =

$ A3E = ( A3 P *SPO + A3 0* ( 1. 0 - SPD)) * 5A0 +0.5*(1.0 - S A3 )
SAC)alp * SAO + 0 . 5 * ( 1. 3AlS -=

A25 = A2P * SAO + 0. 5 * ( 1. 0 - S A O)
A35 = A3P * SAO +0.5*(1.0 - SAO)

C
C CONVERT AN I S OT R O PY COEFFICITNTS TO F FACTORS

A2P/1.5F lP =

A5P/1.5F2P =

ALP /1.5F3P =

C
RETURN
END

9 0 9
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TABLE B-8.VIII
,

i
LISTING OF THE CKMN SUBCODE

i SUBROUTIN E CKMN(C TEMP, DE LOX Y,FNC K,F NC N,CWKF, CWNF, RSTR AN, AK. AN, AM)
C
C CKMN C ALCUL ATES P AR A ME TER S FOR THE CLADDING EQUATION OF S TATE
C AS A FUNCTION OF TEMPERATURE, AVER AGE OXYGEN CONCENTR AT ION,

: C F AST NEUTRON FLUENCE, AND COLD WORK.
1 C

OUTPUT STR ENGTH COEFFICIENT ( PA )C AK ='

OUTPUT S TR AIN H ARDE MING EXPONEN T ( UNIT L E S S I| C AN =

C AM = OUT PUT STR AIN R ATE SEN SIT IV IT Y EXPONENT (UNITLESS)
ES T IM AT ED UNCERT AINTY OF AM: C UN =

C (NOT CURRENTL* RETURNEDI
C UN = ESTIMATED UNCERTAINTY OF AN

! C (NOT CURRENTLY RETURNED)
C NOTE A N - UN I $ NEGATIVE NEAR 1000K

ESTIM ATED UNCE RT A INTY OF AKC UK =

| C (NOT CURR ENTL Y RETURNED)
: C

INPUT CL ADDING MES HPOINT TEMPE R ATURE (K)j g C CTEMP =

INPUT AVERAGE OXYGEN CONC ENTR A TION EXCLUDINGC DELOXY =-

C OXICI L AYER - AVER AGE OXYGEN CONCENTR ATION OF"
: ( KG OXYGEN /KG ZIRC ALOY )

RECEIVED CLADDINI FLUENCE FOR STRENGTH
2 C AS

EFFECTIVE FASINPUTi C FNCK =

7 C COEFFICIENT (NEUTRONS /(M**21)
INPUT EFF EC TI VE FAST FLUENCE FOR STRAIN HARDENING@ C FNCN =

a C EXPONENT (NEUTRONS /(M**21) O
INPUT EFFECTIVE COLD WORK FOR STRENGTH $$ C CWKF =

C CO EF F IC I ENT (UNITLESS R ATIO OF AREAS) xs

C E X PONE N T (UNITLESS R A TIO O F AREAS)
-gINPUT EFFECTIVE COLD WORK FOR STR AIN HARDENINGi "

C CWNF =

| C RSTRAN = INPUT EFFECTIVE TRUE PL AST IC STR AIN R ATE (S**(-Ill Q
.

! C THE EQUATIONS USED IN THIS SUBROUTINE ARE 9ASED ON DATA FROM N
! C (1) C.R. WOODS, PROPERTIES OF ZIRCALOY-4 TUBING, WAPD-TN-585 >
! C (1966) .Z
t C (2) ULTI/ LATE STRENGTH DATA 0F H.C. BRASSFIELD,ET AL. n

C GS M P- 48 2(1968 ) m' H
! C (3) A .L . BEMENT, JR., EFffCTS OF COLD WORK AND NEUTRON

C IRRADIATION ON THE TENSILE PROPERTIES OF ZIRC AL 3Y-2, E'

C HW-74955 .-
i

! C (4 ) A. COWAN AND W.J. L AN GFORD J . NUCLE AR M ATER . n
C 30 (1969) PP 271-231 >
C (5) L.M. HOWE AND W.R. THOMAS, J. NUCLEAR MATER. Z
C 1 (1960) P 248 g

;
-

,

t ,

|
.. . _ _ _



TABLE B-8.VIII h
a

'ISTINO OF Tile CDLN SUBCODE

O
C (6 ) A. M. G ARDE L IGH T-W A T E R-RE AC TO R SAFETY RES E ARC H N

JUNE 1975 >C PROGRAM QUARIERLY PROGRESS REPORT APRIL -

C ANL-75-58 .Z
C (7) A. M. G ARDE L IGH T-WA TER-RE AC TOR S AF ET Y ilES EARC H n
C PR O GR AM Q U A R T E R LY PROGRESS R EPOR T J UL Y - S EP T E M BE R 1975 m
C ANL-75-72

'
g

C (8) R.L. MEHAN AND F.W. .IESINGER, MECHANICAL PROPERTIES z
C OF ZIRCALOY-2, KAPL-2110 r
C (9) D. LEE AND W.A. BACK0 FEN TFS-AIME 239 (1967) PP 1034-1040 n
C (10) P. J. C RESC IM ANNd, HIGH STRAIN RATE TENSILE TESTS >
C OF ZIRCALOY AT 550F, WAPD-TM-1263 (F E B RU ARY 1976). Z
C (11) C. R. HANN E T AL, TRANSIENT DEFORMATION PROPERTIES v
C OF ZIRCALOY FOR L OC A S I MUL A TI ON, EPRI NP-526 C
C VOLUME 3 ( M ARC H 197 8)
C
C CO CE D BY 0. L. HAGRMAN AU GUS T 1977
C MODIFIED BY G. A. REYMANN AND M. A. MORGAN MARCH 1978

y C MODI FI ED BY 0. L. HAGRMAN JUNE, 1980

E T = C TEMP
C
C LIM IT STRAIN RATE TO A MINIMUM OF 1.0E-05

f IF(RSTRAN . L T . 1.0 E-05 ) RSTRAN 1.0E-05=
5. C
E C FIND STRAIN RATE EXPONENT, AM
$ IF(T .LE. 730.) AM 0.32=

Cx

5 A = 20.63172161
8 = - 0.0 7704 552 983

9.504843067E-05C =

3.8 60 9 60716 E-0 80 = -

IF ( T .GT. 730.) AM = A + T * ( B + T* ( C + T * 0I )
IF ( T .GE. 900.) AM -6. 4 7E -0 2 + T * 2.203E-04=

C
C NODIFY STRAIN RATE EXPONENT, A M, IN ALPHA - BETA REGION

IF(RSTRAN .GE. 6.34E-03) GO TO 100
(F ( T .LE. 1C90.0) GO TO 100
IF(T .GE. 1255.0) GO TO 100
IF(T .GT. 1172.5) GO TO 24
AM = AM + 6. 78 E-2 * AL OG ( 6. 3 4 E-3 /R STR AN )* ( ( T-109 0.1/ 8 2. 51
GO TO 100

24 AM = AM + 6. 78E-2* AL OG ( 6. 34 E-3 /R S T R AN ) * ( ( 12 5 5. -T l / 8 2. 5)

O O O
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TABLE B-8.VIII (continued)

C FINO UNCERTAINTY
100 IF(T .L E. 700.) UM 0.01=

I F (T .GT. 700.) UM= -2.97992E-02 + T* 5.6856E-05
IF(T .GT. 900.) UM 0.16 * AM=

AM=AM* E XP (-6 9. * DE LOX Y )
C

FIND STRAIN HARDENING EXPONENT, AN
{,

AN = -9.490E-02 + T*(1.165E-03 + T*(-1.992E-06 +
8 T*9.558E-101)
IF(I .GE. 1099.0722) AN = -0.22655119 + 2.5E-04 * T
IF(T .GE. 1600.000 ) AN 0.17344880=

C
C FIND UNCERT AINTY

0.017IF(T. LE. 700.) UN =

-2.8 405405E-02 +T * 6.4864864E-05IF(T .GT. 700.) UN =

I F r. T. G T . 1255.) UN 0.053=

(8.47E-01 * EXP(-3.92E+01*CWNF) + 1.53E-01 +AN =

# CWNF * ( -9 .16 E-02 + CWNF *2.29E-011) *
# E X P (-( ( FNC N ) * * 0. 3 31/ ( 3. 7 3E +0 7 + 2.0E+0b*CWNF)) * Ai

M AN = A N * ( 1. + (1250. - ( 12 50. / ( E XP ( ( T-1380.1/20.1 + 1.)))
8 *0ELOXY)-

0.8IF (AN .GT. 0.8) AN =

C
x C FIN D ST RENGTH COEFFICIENT, AK'

1.17628E<C9 + T * t " . 5 48 59 E +0 5 + T* (-3. 2 818 5E + 0 3 +Q AK =
r # T*1.727521)

-.5224880E+06 * EXP(2.8500027E+06/(T**2.0)) n1 I F (T .GE. 750.0) AK =

184.1376039E+06 - 1.4345448E+05 * T $IF ( T .GE. 1090.) AK ==
4.330E+07 + T *( -6.6 8 5 E +0 4 + xs IF(T .GE. 1255.) AK =

8 T* ( 3. 7 5 79E + 01 - T * 7. 3 3 E-03 ) ) m-

"i IF(T.GT.2100.)A<=1.0 .

C FIND UNCERTAINTY h
77.00E+06 xIF(T .LE. 700.) UK =

110. 4369 3E+ 06 - T * 4.776704 5E +04 >IF (T .GT. 700.) UK =
,

A K /3.0 2IF(T .GT. 800.3 UK' =

AK * (1.0 + 5. 4 6 E-01 * C WK F ) 'nAK =

; AK =AK + FNCK * 5.54E-18 g
AK = AK*(1. + ( 1120. -( 990. / ( E X P ( ( T- 1301. 51/ 61. ) + 1.)))

.

# *DELOXY) yi

RETURN
~

END >
b,

: 8
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11- 8 . 1 4 . D. O. l'ickman, " Proper'ies of Ziicaloy Cladding," Nucl. Eng. and Design, 21 (1972)
pp. 212 236.

11- 8 . 1 5 . G. F. Fieger and D. Lee, " Strength and Ductihty of Neutron Irradiated and Textured
Zircaloy-2," Zirconiurn in Nuclear <1pplications, AS I N1-STP.551 (1973) pp. 355 369.

0Il 8.lb. P. J. Crescimanno, liigh Strain Rate Tensile ik sts of Zircaloy at $50 F (Lil'HR
Developinent Prograin), WAPD-TN1-1263 (Frbruary 1976).

11-8 .1 7. Y. N1iyarnoto, Y. Komatsu, N. Nagai, "Niechanical llehasior of Zircaloy 2 Tubing Under
liiasial Streves," Journalof Nuclear Afaterials, til 1976 pp. 53 65.

11-8 . 1 8 . C. C. llusby and K. ll. N1arsh, High Ternperature. Time-Dependent Deformation in
Internally Preuuri:ed Zircaloy-411d>ing, W Al D 1 N1 1043 (October 1974).

11-8 .1 9. II.N1. Chung, A. N1. Garde, T. F. Kauner, Light-it'ater-Reactor Safety Research
Program: Quarterly Progreu Report, January-Alarch 1975, ANl.-75-28 (June i2, t975).

11-8 . 2 0 . II. N1. Chung, A. Nt. Garde, T. F. Kassner, l.ight-il'ater. Reactor Safety Research
Program: Quarterly Progress Report, <1pril. June 1975, AN L-15-58 (June 13, |975).

11 8.21. 11. N1. Chung, A. N1. Garde, T. I'. Kauner, Light-it'ater Reactor Safety Research
Program: Quarterly Progress Report, July-September 1973, A N L-75-72 (No Date).

11 8.22. 11. N1. Chung, A. N1. Garde, T. F. Kassner. Light-it'ater Reactor Safety Research
130 gram: Quarterly Progress Report, October-December 1975. AN L-76-15 (No Date).

11 8.23. II. N1. Chung, A. N1. Garde, T. F. Kawner, Light il ater Reactor Safety Research
Program: Querterly Progress Report, January-Starch 1976. ANl.-76-49 (No Date).

11-8 . 2 4 . II. N1. Chung, A. N1. Garde, 1. F. Kassner, l.ight-il' uter-Reactor Safety Research
Program: Quarterly Progress Report, July-September 1976, ANI.-76-12l (No Date).

11825. 11. N1. Chung, A. N1. Garde, T. F. Kawner, Light-it'ater-Reactor Safety Re3earch
Program: Quarterly Progren Report, January.Afarch I977, ANI -77-34 (No Uste).

11-8 .2 6. A. A. llauer, I., N1. l owry, 3. S. Perrin, Evaluating Strength and Ductihty of irradiated
Tircalav: Quarterly Progress Report ilprd-June 1976, llNtl NU RFG-1956 (July 1976).

11-8.2 7. A. A llauer, I N1. Lowry, and J. S. I errin, Evaluating Simngth and Ductility of
Irradiated /ircaloy: Quarterly Progren Report July-Feptember 1976, hN11-NURiiG-1961
(October 1976).

11 8.28. A. A. llauer, L St. I owry, and J. S. Perrin, Evaluating Strength and Ductihty of

irrad;.ned Zircaloy: Quarterly Progren Report October-December 1976, llN1\-
NU RI.G.1967 (January 1977).

fl-8.2?. D. l.cc, et al., Plasticity ihcories and Structuralilnulysis of:1nisotropic Aletals-Zirculoys,
NP-500(51ay 1977),

11 8.30. O. D. Sherby and A. K. N1 iller, Development of the 1/aterials Code, SI/173/OD
(Constitutive Equations of Zirealoy), NP-567 (December i977).

11 8.31. E. Tenckhoff, " Operable Deformation Systems and $1echanical llehasior of I'extured
Zirealoy Tubing," Zirconium in Nucleariipplications, ASTN1 STP $51 (1974)pp.179 200

362 Revised 2/80



.. _ _ ._ _ . . . . _ _ _ _ _ . - . _ _ __ . . _ . . _ _ . - _ . _ _ . . . - > . _ . _ . ~ _ _
-

CMLIM r and CilRTTL

0.5 -

1 1 1- I i

\,g Intact Failed 95 %
'

i PBF o a
ORNL e e4

/
f 90 %

e p,

/
/0.6 - a -4

/
1700 K

I limit
,

-

0 i

? |' \ e
i $ \ / |
s a ,

3 \ / :*

[ B * \ /
2 e/

j j 0.7 - g a _

0)(i - :=
OE 7 g;

i $ N
i 8 ! N

*
I % / \ 0.70 %

s

7. e ''g _ _ _0.65%
- z- s

i g

4 3

,E 0.8 O --
t ,
f. ce

g< e

o- 0 0
4 C

h' 2-
E

{ e O O o;

oO

O

| 0.9 - o O -

o o
I O
i
i

i O
O

O o-

OI
f.
$ 0 o
| O O
i Oo

1.0 l i I i . . - 1
,

| 1200 1300 1400 1500 1600 1700 1800 1900

.
Temperature (K)

i INEL A 14 253

l'inere B 11.8. Ilobson-Hittenhouw and PRF 6ta for fait cooled rmi, compared with the entical fractional mall thkkness as2

eniculateJ frm.m *he 0.65 and 0.7o w *% and 90 and 9$'*e filled criteria. i

;

I

r

427 Revised 2/80

J

.m -- r. y . ----,-w. -wwe-e,r-,-ww,--e ye e w v w m m w n ,,-v ,+- e m w w ywwwm ew v.w--=w.,wy * ve-ww--v v e te - _ , _ . -w'*



CMLIMT and CllRTTL

Consequently, the model for fast cooled cladding is that the cladding is considered embrittled if the
oxygen content of the beta phase exceeds

(1) 90% of the saturation content, or

(2) 0.65% of weight.

A third criterion limiting the maximum cladding temperature to < !700 K is added to fit the highest
temperature data.

The data are still too hmited to consider this model final.13ut the accuracy is encouraging, especially
considering the differences in the experiments. 'Ihe llobson-Ritteni,ause samples were oxidized on both
sides, out-cf-pile, and quenched rapidly; w hile the PilF samples were oxidized primarily on the outside,
in-pile, and quenched slowly.

11.2.5 Model for Slow Cooled Cladding. Designation of this part of the model as being applicable to
slow cooled cladding is slightly misleading; it is meant to apply during the pre-quench of a LOCA. As
described in Section i1.2.2 of this report, Chung, Garde, and Kassner -11.32,1111.35,B 11.36 has e com-il
pleted many out-of pile tests of this sort and deseloped an embrittlement criterion requiring at least
0.1 mm of cladding thickness with < 1 wt% oxygen. When this criterion was checked using COBILD, it
was found that at least 0.3 mm with < 1 wt% oxygen is required to avoid failure by thermal shock. No
reason for the difference between this and the ANL minimum thickness of 0.1 mm has been found. It
p .ssibly lies in the mechanics of the two codes. When the ANL code is more fully documented, this can be
cnecked. Until then, the criterion established with COHILD will be recommended for use with the
MATIMO package.

In Figure 11-11.9, this ciiterion is compared with the data. Only temperatures > l244 K are considered,
dnce this is the lower range of validity for COnlLD. Not all of the data are shown in the figure because
many are coincident, or nearly so. Of the 146 intact rods,16 or 11% are predicted to fail; and of the -

57 failed rods,4 or 7% are predued to remain intact. In the entire data set, < 108'o of the predictions are
incorrect. Given the scatter in the data, this is considered acceptable accuracy.

Since all the tubes tested at ANL hau a wall thickness of 0.635 mm, it is impossible to conclude whether
the 0.30 mm is the actual minimum thickness required to retain ductility, or if there is some minimum F .w
The former is more reasonable on physical pounds because it seems logical that there should be a
minimum thickness of ductile material necessary for ductility,

if the embrittlement criteria for fast cooled rods are compared with the slow cooled data, failure would
be predicted in most cases, contrary to experimental obsersation. Similarly, the criterion used for the slow
cooled rods almost never predicts a failure w hen compared to the fast cooled data. These facts underscore
the importance and complexity of cooling rate on the ductility of iircaloy at high temperature, and further
emphasize the importance of clearly specifying the cooling rate.

11.2.6 Uncertainty of the Mociels. A primary ource of uncertainty for both models is in temperature
measurement. For the llobson-Rittenhouse data set, the temperature uncertainty is estimated by compar-
ing the temperature reported for a given layer thickness with that calculated using isothermal oxidation

H.11.42kinetics published by Cathcart for the same thickness. From this analysis, the root mean square of
the temperature differences is about 50 K. A similar technique was used for the PBF and ANL data.

il ilSeiffert and flobbins -ll.31 also arrived at an uncertainty of about 50 K, while Chung -11.35 found an
85.K uncertainty. This technique should give a reasonable estimate because Cathcart's correlations are
based on a careful analysis of his own data. This analysis shows the data to have a high degree of consis-
tency, and the major error in measurement should be the temperature; the layer thicknesses being much
easier to obtain with accuracy.

42C Revised 8/81
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CMLIMT and CBRTTL
', /-
\J TABLE B-ll.VII (continued)

!

C
DC IC J = 2s9

K =J
I F ( 4 *i( J ) .LT. 1.Ge-02) GC TO la ,

h CCNTIqt.E
C

1 AAUMB = 7.C - FLGAT(K)4-

SiTA THICKNc b =ITH LeSS THAN 1.38 0xYGCN TY W~IG4T.C BCRIT =

ANLPB*Y2 + ((.31-Ah(K))/(AN(K-1)-AN(K)))*Y?BCRIT =
'

GC TC 25
is 3C411 d.C*Y2=

C
-2" 9CKIT S * BCRIT=

1.3IF(BCRIT .LT. 0.03) C BR TTL =

CC TO IJO
C HIGH COOL ING D ATE C ALCUL ATION
C
'C IF(CTINP .GT. 17s).3) C BR TTL 1.1=

I F ( C T i .10 .C1. 170s.C) GO TC 100
C

( B WTFR 0 + 0.0312 ) * 100.wBCCN =,

C 3 CON = . AV JR AG - CO.'eCdNT 2 A T ION IN THE BETA (hdIGHT 33R CINT).
IF(8CCN . L T . 0.65 ) CdRTTL = 1.0

C
C CALCULATIOb CF '; ATbR A TI ON C01 CENTRATION IN THE BETi c1LLO43.
C

].12SAT =

LATURATION CONC EN TR A TION IN ThL BITA (WCIGHT 3~R C chT) .C dAT =

n IF(CTEMP . L T . 12.s 9. ) GO TO 55
!AT -4.do7 5-C 3 + SQ R T ( (C T E* P/ 392. 46 ) - 3.1417)=i

If(CTI.P3 .LT. 1373.0) GO TO 3:
(CTEPP/ $AT *A1.7)/*91.157= -

55 C CN TI t4 Li
C

BCAT 1.C2c4 * ( B w T FR 0+ . 0312 ) / S A T=

P:F CirT UF S AT UR A TI Gi< C ONC C.N TR AT 10t4 IN Tue MT A.C. USAT =

I F(BS A T .CT.'90.9) Cd RT TL 1..=

C
j 1(% C CN T I'J Li
i R E T L P '1

EhD

;

B-11.7. R. H. Chapman, Afultirod Burst Test Program Quarterly Progress Report for
October-December 1976, ORNL/NUREG/TM-95 (April 1977).

;

B-ll.8. R. H. Chapman, afultirod Burst Test Program Quarterly Progress Report for
January-Afarch 1977. ORNL/NUREG/TM.108 (May 1977).

* B-ll.9. D. O. Hobson and P. L. Rittenhouse, Deformation and Rupture Behavior of Light-Water
Reactor Fuel Cladding, ORNL-4727 (October 1971).

,

B-li.10. H. M. Chung and T. F. Kassner, Deformation Characteristics of Zircoloy Cladding in Vacuum
and Steam Under Transient-flecting Conditions: Summary Report, ANL-77-31 and
NUREO/CR-0344 (July 1978).

B-l1.11. A. A. Bauer, L. M. Lowry, J. S. Perrin, Evaluating Strength ando Ductility of Irradiated
j

Zircoloy: Quarterly Progress Report for January through Afarch 1976, BMI-NUREG-1948
s (March 1976).
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11-11.12. A. A. llauer, W. J. Gallagher, L. M. Lowq and A. J. Markworth, Eramating Strength and
Ductility ofIrradiated Zircoloy: QuarNrly ! rogress Report July thrcugh September,1977
BMI-NUREG-1985 (October 1977).

11-11.13. A. A. Bauer, W. J. Gallagher, L. M. Lowry and A. J. Markworth. Evaluating Stren3th and
Ductility of Irradiated Zircaloy: Quarterly Progress Report October through December,
1977, BMI-1992 and NUREG/CR-0026 (January 1978).

11- 1 1 . l 4 . D. W. Croucher, Behavior of Defective PWR Fuel Rods Durmg Power Ramp and Film
Boiling Operation, TREE-1267 and NUREG/CR-0283 (February 1979).

11-11.15. T. F. Cook, S. A. Ploger and R. R. Ilobbins, P03rirradiation Examination Resultsfor the
Irradiation Qfects Test IE-5, TREE-NUREG-1201 (March 1978).

11 11.16. E.11. Karb, "Results of the FR-2 Nuclear Tests on the Behasior of Zircaloy Clad Fuel
Rods," Paper Presented at the 6th NRC Water Reactor Safety Research Information
Aleeting, Gaithersburg, AfD, November 7 1978.

11-! 1 . 1 7 . K. Wicht,11. Schmidt, Out-of. Pile 1 ersuche :um Aufblahvorgang von Zirkaloy-flullen
Ergenbnisse aus l'orversuchen mit verkur: ten Brennstabsimulatoren, K(N 2345 (October
1977).

11 11.1d L. J. Siefken, M. P, llohn, S. O. Peck, J. A. Dearien, FRAP-75t A Computer Codefor
the Transient Analysis of Oxide FuelRods, TREE-l281 NUREG-CR-0840 (June i979).

B-l 1.19. D. W. Croucher, T. R. Yackle, C. M. Allison and S. A. Ploger, Irradiation Effects Test
Series IE-5 Test Results Report, TREE-NUREG-1130 (January 1978).

B-l l .20. R. II. Chapman, Alultirod Burst Test Program Quarterly P1 ogress Report for
October-December 197, ORN L/NU REG /TM-10 (May 1976).

11-11.21. J. M. Kramer and L. W. Deitrich, Cladding Failure by Local Plastic Instability, ANL-77-95
(December 1977).

B-11.22. K. Wiehr, et al., Jahreskolloquim 1977 des Projekts Nukleare Sicherheit.

B-11.23. C. C. Busby and K. B. Marsh, liigh Temperature Deformation and Burst Characteristics of
Recrystalli:cd Zircalcy-# Tubing, WAPD-T-900 (January 1970).

B-11.24 D. G. liardy, " Burst Testing of Zircaloy Cladding from Irradiated Pickering-Type Fuel
Bundles," Symposium on the Ufects of Radiation on Substructure and Afechanica! Proper-
ties of Afetal and Alloys, Los Angeles, June 25-33, 1972, ASTM-STP-529 (1973)
pp. 415-435.

11 1I.25. M. F. Osborne and G. W. Parker, The Ufect ofIrradiation on the Failure of Zircaloy-Clad
fuel Rods, ORNL-3626 (January 1972).

B-I I .26. D. O. Ilobson, M. F. Osborne, G. W. Parker, " Comparison of Rupture Data from
Irradiated Fuel Rods and Unirradiated Cladding," Nuclear Technology, ll(August 1971).

B-l l .27. D. G. liardy, "The Effect of Neutron Irradiation on the Mechanical Properties of
Zirconium Alloy Fuel Cladding in Uaiaxial and Biaxial Tests," Symposium on Irradiation
Qfects on Structural Alloys for Nuclear Reactor Application, Niagara Falls. Canada,
June 29-July 1,1970, ASTM-STP 484 (1971) pp. 215-216.
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If COBILD does not termina e due to an excess diffusion rate, then at the end of the oxygen redistribu-
[,s% tion calculation the total oxygen in the beta is calculated using the concentrations at the nine nodes and

) integrating by Simpson's rule.
p

14.2.3 Oxygen Weight Fraction in the Beta Zircaloy. As mentioned in the preceding subsection, the
2total oxygen in the beta region is calculated. This quantity, called BWT, has units of kg/m and is the total

mass of oxygen in the full beta thickness for each square meter at the alpha. beta interface. To find the ratio
. of this mass to the mass of beta zircaloy,it is divided by the product of the density of zircaloy and the beta
thickness. This divisor is the mass of zircaloy per square meter of alpha-beta interface. The weight fraction
of oxygen in as-fabricated ri caloy (0.0012)is subtracted from this since BWT includes all the oxygen in thet
beta region. in Si units the result is given by

"
BWTFRO =g9 - 0.0012 (B-14.6)

where
.

BWTFRO = oxygen weight fraction in beta in excess of the as-fabricated content
(dimensionless)

2totaloxygenin beta (kg/m )BWT =

density of zircaloy (kg/m3)6490 =

thickness of beta layer (m)BX =

oxygen weight fraction of as-fabricated zircaloy.0.0012

[')s
=

8
b 14.2.4 Ongen Weight Fraction in Alpha Zircaloy. This quantity has a nearly constant value: a weight-

fraction of 0.047, and is therefore only Msted in the code and not calculated.

14.2.5 1.inear Power Generation Due to the Metal-Water Reaction. The zirconium metal-water reac-
tion is exothermic. Knowing the mass of zirconium converted to ZrO during a time step and the heat of2
reaction, the heating rate resulting from this reaction may be found. Ilowever, such a calculation will
underpredict the heating rate because it neglects the heat of solution of the dissolved oxygen in the material
beneath the oxide layer. To get a more realistic heating rate, an " effective" oxide thickness is computed
for use in the heating calculation. This effective thickness, found by assuming that all the oxygen uptake
goes into forming ZrO . IS2

WI
* * $820 x 0.26 :

"

.

w here
,

effective oxide thickness (m)ox =

2totaloxygen uptake (kg/m )WI =

3density of ZrO (kg/m )5820 2=

weight fraction of oxygen in ZrO;.0.26 =

Duin each time step new ZrO will f rm. This new ZrO will be in the shape of a thin cylindrical shell of2 2
( ,- volume
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AV' = 2xR (so . . xo.) L ( 11- 1 4 . 8 )o a i

w here

f 32 ormed during time step (m )AV' volume of Zt0=

original rod radius (m)R =o

cf fective oxide thicknew at the beginning of the time step (m)xoj =

xor = cffectise oxide thickness at the end of the time step (m)

length of the fuel rod (m).L =

llecause /ircaloy experiences a 50% solume expansion in transforming to ZrO , only two-thirds of the2
solume given by Equation (1114.8)is zirconium. T herefore, the solume of zirconium cons erted into ZrO2
during a time step is

.1V = * R (ou - o x. ) , ( 11-1 4 . 9 )
3 o f i

To obtain the heat generation rate per unit length due o th conscrsion of zirconium to ZrO , Equa-2
tion (11-14.9)is multiplied by the density of tirconium and by the exothecmal heat of reaction per kilogram
froic the consersion, then disided by both the length of the rod and the duration of the time step. 't he
result is

6
[6490(6.45 x 10 ) 4.2R (ox -ox))g y g

P= (11-14.10)

where

rate of heat generation per meter (W/m)P =

3density of zirconium (kg/m 36490 =

6.45 x 106 heat of reaction per kg of Zr (J/kg)=

duration of time step N.DT =

A plot of P versus temperature for a fuel rod with initial radius, Re = 6.25 x 10-3 m, is shown in
Figure 11-14.3 for various initial oxide thicknesses and a time step of I s.

Equation (11-14.10) may underpredict the oxidation heating rate because it uses the heat released in the
reaction

211 0 + Zr - 211, + Zro + Q (11-1 4 .1 I )3
.

6 J/kg of zircaloy reacted,il-14.16 Q is smaller by nearly a factor of 2 than Qg, the heatWith Q = 6.5 x 10
released in the following reaction

Zr + 0 - ZrOy + Q, ( 11-1 4 ' 2 )
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APPENDlX C
[] GAS MATERIAL PROPERTIES
v

Properties of the internal gas of light water reactor fuel rods hase been included in MATpRO-
Version 11. The thermal conductivity of ten gases (and their misture in any combination) is modeled, as is
gas viscosity. Gas viscosity and thermal conductivity are modeled as functions of temperature and
composition.

'

1. GAS THERMAL CONDUCTIVITY (GASCON, GTHCON, GJUMP)
(D. L. Hagrman)

The heat conductance of gas filled gaps or pores is dependent on the thermal conductivity of the gas mix-
ture when the dimensions of the gas filled regions are large compared to the mean distance between gas
molecule collisions (mean free path of the gas molecules). When the mean free path is not smaller than the
gap dimension, the conduction component of gas gap heat conductance becomes a function of the number
of gas molecules present and the nature of the gas gap interfaces. This section presents data and correla-
tions for the thermal conductivities of 10 gases of interest in fuel rod analysis. The effect of long mean free
paths on gap conductance is also discussed.

1.1 Summary

Three functions are provided to meet varying analytical code needs. GASCON calculates gas thermal
conductivity as a function of temperature and gas component fractions. GTilCON calculates the conduc-

s tion part of gas gap heat conductance as a function of the gas conductivity, the gas pressure, and the gap
[
\. ,-}

width. The conductance includes a series resistance term that accounts for cases where the mean free path
is not smaller than the gap dimensions. GJUMP determine: an effectise jump distance that is derived from
the models used in GASCON and GTilCON.

The correlations used for pure noble or diatomic gases are all of the form

k=AT (C-1.1)

w here

thermal conductivity [W/(mK)]k =

T gas temperature (K).=

The constants A and 11 for ea-h noble or diatomic gas are given in Table C-i.I.

The following conductivit) equations are used for carbon dioxide and steam

I
kcarbon d.ioxide = 9.460 x 10 T (C-1.2).

For T s 973.15

k, = ( 2.8516 x 10' + 9.424 x 10 T - 6.005 x 10 T)E-10

n.
I \
\ /
u-
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TABLE C-1.I

C0! STA!ITS USED Ill CAS TilCRIIAL, C0fiDUCTIVITY C0imELATiO::S

|
,

|Cotutant

Cas A B

!!c 2.639 x I f, 3 0.7085

j Ar 2.986 x 10-4 0.7224

V. r 8.247 x 10-5 0.8363

xe 4.351 x 10-5 0.8616

1.097 x 10-3 0.6785112

!:2 5.314 x 10-4 0.6898

02 1.L 53 x 10-4 0.8729

CO 1.403 x 10-4 0.9090

;

,

I.(MN P' -5+ - 8.4083 x 10 -1 19998 x10 T3

T^(T - 273)
1

- 6.706 x 10' T - 4.51 x 10 'T
.

l'or T > 973.15

l3
9

k = 4.44 x 10 6 .T .45 + 9.5 x t o-5 2.1668 x 10
l

P (C-1.3)steam I.

w here

2P gas pressure (N/m ),=

The uncertainty of the values predicted by Equations (C-1.1) to (C-l.3) are si:mmarized in Table C-1.II.

The thermal conductivity of gas mixtures is calculated with the expression

"
k.x.
''

k . = (C-l .4)mn n
,

1-
i=1 x. + 4..x.

I IJ J
j=1

| }#i

486 Revised 8/81

. __ _ _ _ _ _ _. ,



, . - . - .. . .-...-.. ... ._ . = . . ~ . . . - . . . - - . . . - - . - . . - - . - . - . - . . - . .

4

1>

^ '

GASCON, GTHCON, GJUh1P i

h. - |
, ~ ;

TABLE C-1.II ;

9i.
,

'

UNCERTAINTY OF THE CAS THERMAL- C0!iDUCTIVITY CORRELATIONS

!

) Gas Uncertainty (W/m*K)

f; lie 8.00 x 10-7 11.5
i
'

T .25 j. Ar 4'.96 x 10-10 2-

i i

,
Kr 1.45 x 10-9 T2 ,

i.

Xe- 2.77 x 10-8 T .51

.
4

'

2.10 x 10-6 T .51
112

2,64 x 10-6 T- N2
i

h Op .. 34 x 10-9 T2'

!
I

i CO .fforTbetween300and400K,0.02K;
j (for T > 400 K,- 0.02 + 4/3 (T - 400) x 10-4 g

8.78 x 10-12 T3(_ CO2 ,

;

! 11 0' O.06 K |; 2

1 f i
1
;

i
j where
1 . -

' (ht. - bl.)(M. - 0,142 M.)' 3 ' 'I} d'. . c'. .1 '+ 2.41=

(M; + M f
I I

j
and.

.

. .,
'

fk;)1/2fM;)1/4
i 1 +1 - ) ' - )

_ _
hj/ 'k' j/ - _

! ,- ij ~

l/2
Md

2 #| 1+d I
'

! '( j)
and

,

I number of components in mixture (unitiess)n . =

!-
,

j' M; molecular weight of component i (kg)=

!
mole fraction of the component I(unitiess)1- x =

thermal con' uctivity of the component i(W/m.K).
~

k = d

.

f
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The conduct *on pirt of t e gas gap heat conductance is calculated with the equationh

,

"
k.x. - -

'' 'h={'_ [61]I.(y;-1) k;
(C-1.5)

n.

l|a;p
= 1, t+ l

x;+ 4;)x) [ 18 ); + nj
I#I

J .
*i + ij'j

. '
\ jti

j=|

where

2condue;hn part of t'.e gn Fap heat conductance (W/m .K)h =

ratio of the specific ticats at constant volume and constant prenure for component iy; =
' (u.::tlen)

a constant (prosided in Table C.I.ll!) which describes the nature of the gas gap
,

a; =

* interfaces (uniticu)

gap width (m).t =

Detai[uf th. developn.cnt of the moden used in the GTilCON subcode are presented in the following
sections Section 1.2 is a resiew of the data and Section 1.3 is a discuoion of the model deselopment. The

/ subcode is listed in Seci,c 1.4 and references are provided in Section 1.5. Section 1.6 contains a
,

bibliography.

1.2 Gas Thermal Conductivity and Accommodation Coefficient.

Data

Most gas thermal conductivity data are for temperatutes <500 K. At higher temperatures of interest in*

reactor fuel behasior ana ysis, interpretation of esperim:nt measurements (power transferred aerow a gasl
,

filled gap at know n temperaiures)is difficult. Significant energy can be transferred by com ection or radia-
tion as well as by conduchml. Also, the mean free path of the gas moleculo can become nonnegligible

i

compaied to gap widtb for some combinations of prenure, temperature, and gap width. When this hap-
pens, experiment data memrcs not only the bulk gas thermal conductisity, but also gap surface effects
and numbers of molecules asailable to transfer energy across the gap.

thpernnenters usually correct thch ddta for the effects of long mean free paths and comection by
measuring power at seseral differing gas pressures. Since the mean path is insersely proportional to

,

pressure and the cf feet of convection is proportional to the square of the gas density (pressure),C-I I it is
mually powible to find combinations of experiment dimensions and pressures ancre the reciprocal con-

t ductance is independent of pressure or increasing linearly with reciprocal pressure. Whci, the data show no
pressure dependence, both mean free path and consection cf fccts can be neglected. When the linear
dependence is present, gas conductivity is found by extrapolation to infinite pressure. Groups of data with
e pal temperature and varying pressure are fit to an equation of the form

| t
g = 7 + constant

| (L. l.6).
' p

9,
>4

'
r

Id
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%

/ (;
~ Corrections for radiation heat transfer are appiicd when necessary by using the Stefan-Boltzmann law.,

in most experiments, the radiation correction is smaller than measurement uncertainty and the correction
/ is neglected.

IData used in the develol. ment of the correlations for pure gas thermal conductivities were taken from the
references listed in Table C-l.Ill. The method of correcting for long mean free paths and temperature
range investir'Ited are listed in the comment column. With the exception of the two publications by Timrot

S and Umanskii,C-1.6,C 1.Il the references reported conductivities and temperatures that could be used '

without further analyis. The analysis of high temperature data of Timrot and Umanskii is discussed%

below.
.

. Data reported by Timrot and Umanskii are reduced power per unit length and temperatures for a coaxial
cylindrical cell. The reduced power was defined to be the power per unit length that would be obtained with.

a small mean free path and it was obtained from measurements of power at several pressures. The techni-
que was similai to the approach of extrapolation to infinite pressure.

'
?

.(
- In contrast to most authois, Timrot and Umanskii correlated values of reduced power with temperature,i

i
'

and determined their correlation for gas thermal .onductivity by taking the derivative of the correlation.1 ,

3 The appropriate expression isL - ,

t 'm

1 dW(T)
j k = 2r dT (

'

where

W(T) = equation for power per unit length measured in the experiment (W/m)
! > s

\V R outer wall radius of the cell (m)=

inside wall radius of the cell (m).r =

The analysis by Timrot and Umanskii -1.6 is an excellent approach to modeling thermal conductivityC

( with data from a single experiment, out it is inconvenient for use in conjunction with the other literature
i data. In order to use Timrot ahd Umanskii's data with data from other references, the reported values of

reduced power and temperature have men used to find approximate point-by-point conductivities. The

| derivative of W with respect to temperature at temperature T was approximated with the expressioni

/W;y - W; + W; - W;,pdW(T;) 3

* 2 ('I + 1
I *I| dT - T.

T. - T.1 )i i i-

|

where the subscript i refers to the ith measured value in a series of measurements listed in order of increas-
ing temperature. Equations (C-1.7) and (C-1.8) convert the data reported by Timrot and Umanskii to
thermal conductivities.

When the mean free path of the gas molecules in a gap is long, compared to the gap dimensions, the
transfer of energy from the hot gap surface to the gas and then to the cold gap surface during individual
molecular collisions becomes more important to the heat conductance than the bulk gas thermal conduc-
tivity. The experiment data of interest in this case are surface accommodation coefficients, defined by the
relation;

T, - T
I

3g =T-T (C-l .9).G a
-

, s 1
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TABLE C-1.III

'
PURE CAS CONDUCTIVITY REFERENCES

I
e

{ Cas Re ference Cammt its
t'
I lie Kannuluik and Carman -1.1 Extrapolated to infinite pressureC

; temperatures to 580 K

Cambhir, Candhi, and Saxena -1.2 Pressure-independent conductivityc

temperatures to 370 K

von Ubisch -1.3 Extrapolated to infinite pressereC

at 300 and 790 K
4

| Saxena and Saxena -1.4 P're s su re-i nde pe nde n t conductivityC

temperatures to 1300 K'

Timrot and Totskii -1.5 Radiation ef fects correction, butC

long nean free path correction
not discussed

'limrot and Umanskii -1.6 Analysis discussed in the text ofC

this report (Section 1.2) i

i !

| Temperatures from 800 to 2600 K ;

i

ZaitsevaC-1.7 Extrapolated to infinite pressure
temperatures from 350 to 800 K

! Cheung, Bronley, and Uilkc -l.8 Extrapolated to infinite pressureC

! at 370 and 590 K
I !
,

C I
| Johnston and Grilly -I 9 Extrapolated to infinite pressut

! temperatures to 383 K j

1

f Ar Kannuluik and Carman -1.1 Extrapolated to infinite pressureC

| tenneratures from 370 to 380 K

Gambhir, Candhi, and Saxena -1.2 Pressure-independent conductivityc

i tenperatures from 310 to 370 L
i'

von Ubisch -1.3 Extrapolated to infinite pressureC

at 300 and 790 K 6

Za itseva -1.7 Extrapolated to infinite pressureC

temperatures from .,20 to 790 K

Cheung, Bromley, and Wilke -1.8 Extrapolated to infinite pressureC i

at 370 and 590 K

Schaier as quoted by Brokaw -1.9 At 1370 KC
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TABLE C-1.III (continued)

O
Gas Re ference Comments

Kr Kannuluik and Carman -1.1 Extrapolated to infinite pressureC

temperatures from 370 to 580 K

Gambhir, Candhi and Saxena -1.2 Pressure-independent conductivityC

temperatures from 310 to 370 K

von Ubisch -1.3 Ev.trapolated to infinite pressu:cC

at 300 and 790 K

Zaitseva -1.7 Extrapolated to infinite pressureC

temperatures from 310 to 800 K

Xe Kannuluik and Carman -I*I Extrapolated to infinite pressureC

temperatures from 370 to 380 K

Gambhir, Candhi, and Saxena -1.2 Pressure-independent conductivityC

temperatures from 310 to 370 K

von Ubisch -1.3 Extrapolated to infinite pressureC'

at 300 and 790 K

9 Zaitseva -1.7 Extrapolated to infinite pressureC

temperatures from 310 to 790 K

Johnston and Crilly -1.9 Extrapolated to infinite pressureC
112

temperatures to 370 K

Geier and Schafer as quoted At 1373 K
by Brokaw -1.10C

.

Timrot and Umanskiic-1.11 Analysis discussed in the text of
this report (Section 1.2)

Cheung, Bromley, and Wilek -1.8 Extrapolated to infinite pressureC
N2

at 380 and 590 K

Figure 4, Keys -1.12 Temperatures from 320 to 620 KC

Cheung, Bromley, and Wilek -1.8 Extrapolated to infinite pressureC
02

at 370 and 590 K

Johnston and Grilley -1.9 Extrapolated to infinite pressureC
02

temperatures to 380 K

CO Johnston and Grilley -1.9 Extrapolated to infinite pressureC

temperatures to 380 K

O
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TA13LE C-1. III (cont inued )

0-
Cas Reference Comnents

-

CO2 Cheung, bromley, and Wilek -1.8 Extrapolated to infinite pressureC

at 380 and 590 K

Johnston and Grilley -1.9 Extrap> lated to infinite pressureC

temperatures to 380 K

Figure 4, Keys -1.12 lemperatures from 320 to 620 KC

where

surface accommodation coefficient for a particular gas-surface interf ace (unitless)a =
ss

surface temperature of the hot gap surface (K)T =
s

T3 average temperature of the gas molecules impinging on the surface (K)=

T2 average temperature of the gas molecules after striking and again leaving the surface=

(K).

Surface accommodation coctficients tend to be large for massise gas molecules, and they are increased
w hen an intermediate gas layer is absorbed on the surface. I or example, White -1.13 repor ts accommoda.C

tion coct ficients of 0.09,0.NI,0.16, and 0.20 for 11, !!c, Ar, and 02 on clean tung. en surfaces at 90 K.2
For heasy pol > atomic molecules, accommodation coef ficients are reported to be pencrally in the range 0.8
to 0.9. I or lie on nickel with and without absorbed gas White reported accommodation coeflicients of
0.3N) and 0.071 at 273 K. l'or helium on plass (a ceramic), the ace < mmodation coetticient is 0.34, a salue
larger than the helium. metal accommodation coefficients mentioned above.

Numerous sourecs of low temperature data were resiewed but not used in the oevelopment of the ther-
mal conductivity model to asoid gising undue emphasis to data that hase been replaced by more relevant
information. Thew sources of data and same theoretical discussions are included in a bibliography at the
end of this report.

1.3 Model Development and !5 certainty Estimates

Development of analytical models for gas gap conductance will be described in sescral steps. Initially,
the data discussed in Section 1.2 are used to develop models for the thermal conductisity of pure gases.
Uncertainties are discussed and analytical expressions for thcse uncertainties are presented. T he conduc-
tisity of mixed gases is discussed next, and the conduction cantribution to the conductance of narrow gaps
(or gas filled fuel regions) is modeled.

An elementry treatment of gas conductisity that considers the gas to be a collection of hard spheres let ds
to t'ie conclusion that the conductisity of a single-component gas is proportional to the square root of
temperature, the square root of the molecular mass, and inversely proportional to the square of the
molecule's diameter. The espression that re;ults from the elementary treatment (gisen in most college
statistical mechanics texts and therefore not repeated here) is
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~

where -

kideal thermal conductivity of an idealized gas (W/m.K)=

mass of the molecules (kg)m =

i KB = Boltzmann's constant (J/K)
f

2area of the sphere's cross section (m ),
'

o =

For real gases where the molecules have structure and distant dependent interactions, Equation (C-1.10)
must be replaced by an equation of the form

! K=AT (C-1. l l)
B

|

where A and B are constants for a given gas. Data referenced in Section 1.2 and the least squares method
were used to find the values of A and B given in the summary.

Figures C-1.1 to C-1.4 illustrate the correlation predictions and the data base for the monatomic gases
lie, Ar, Kr, and Xe. The values of B for these four gases (0.7085,0.7224. 0.8363, and o.8616) increase with
increasing boiling temperatures (4,87,120. and 166 K); an indication tha: the increasing departure from
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%

. the idealized gas temperature-dependence is due to increasing intermolecular forces. This regular trend and
the fact that a single exponent serves to model the extensive helium data lends confidence to the extrapola-
tions beyond the low temperature data available for krypton and xenon.

Dashed lines in Figures C-1,1 to C-l.4 are the expected standard error of the correlations. Since the data
show increasing scatter with increasing temperature, the expected standard error of the thermal conducti-
vity was determined from the standard error of a new variable defined to be the thermal conductivity
divided by a power of temperature. Trial values of the power were varied until the residuals of the new
variable were temperature-independent. Once the appropriate power was determined, the standard error of
the new variable was calculated and the expected standard error of the conductivity was obtained by
multiplying the standard error of the new variable by the power of the temperature.

For the diatomic molecules, . li , N , 0 , and CO, the relation between the exponent B in2 2 2
Equation (C-l.1) and boiling temperatures is no longer apparent. The conductivities of these gases cannot
be expected to be related in any simple fashion because they transfer energy in complex molecular rota-
tional and vibrational modes, in addition to translational modes. The data base, correlation predictions,
and expected standard errors for these gases are shown in Figures C-l.5 to C-1.8.

The analysis of the diatomic gas data followed the procedure of the monatomic gases with the exception
of the determination of the expected standard error of the CO conductivity correlation. For carbon
monoxide, only four data were available and an arbitrary uncertainty of 0.02 times the thermal conducti- ,

vity (typical of low temperature measurement scatter) was assigned over the temperature range of the data.
Thc 0.02 was replaced with a linear function of temperature for temperatures >400 K, and the coefficients
in this function were determined to predict an expected standard error of 0.10 times the predicted thermal. ,m

) conductivity at 1000 K.
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itigure C.I.9 is a co. son of the data base and correlation predictions for the thermalconductivity of
CO . It is possible that the large exponent of temperature in the carbon dioside correlation (1.3)is due to2
an cirtreme departure from the idealized gas approximation at the low temp ratures for which data are
available. T he vapor preuure of solid carbon dioxide is one atmosphere at 195 Kaand the data estend only
over a range of two to three times this temperature. If the large exponent of 'emperature obtained from
data in the range 3(X) to MN) K is due to the fact that all the data are at temperatures where significant inter-
molecular forces are present, the exponent can be expected to decrease at temperatures >NX) K. T he
temperature dependence of the uncertainty has been forced higher than the dependence indicated by the
limited CO data to reflect this concern. A temperature-cubed dependence for the expected standard error2
was selected because the cube is the largest exponent of temperature that gives physically reasonable
conductivities over the range of solid feel temperatures.

Th: low temperature part of the correlation for the thermal conductivity of steam was taken from the
ASN11! steam tables;C-I 34 and the tolerance given in this reference,0.06, times the conductivity, has been
adopted as the expected standard deviation.

The high temp, rature part of the N! A1 PRO correlation was taken from Tsederberg.C-l .15 Tseder berg's
expression was uwd for high temperatares because the power law he used does not become negatii at high
temperatures. No data were found above the 973-K limit of the ASN11i steam tables.
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Figure C 1.9 Thermal conductivity of carbon dionide as a function of temperature.
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When gases are mixed, the thermal conductivity of the mixture is not simply related to the conductisities
of the mixture components because the ability of each component to diffuse through the mixture is

'j affected by the presence of all the other componen:s. The relation between pure gas conductivities and gas
mixture conductivities, Equation (C-1.4), is taken from the work of Brokaw.C-1.10 pjgure (C-1.10) is a
comparison of the conductivities predicted by Equation (C-l.4) to data reported by Von Ubisch -l.3 orC f
helium-xenon mixtures at 793 K. The measurements show excellent agreement with the conductivities
predicted by Equation (C-1.4). Although less satisfactory agreement can be expected for mixtures contain-
ing diatomic moleculos that transport energy in rotational and vibrational mo<'as, Equation (C-1.4) is
adequate for fuel rod analysis because the principal gas misture components are monatomic.

Equation (C-1.5), the expresw.: for the conduction contribution to the conductance of a gas filled gap,
is based on kinetic theory developed by Knudsen,C-1.16 as well as the thermal conductivity correlations
which have been developed. Knudsen studied low pressure gases and pointed out that molecules striking a
surface do not attain thermal equilibrium with the surface in a single collision. The average speed and
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'' Figure C-1.10. Thermal cond ctivity of helium-menon mixtures at 793 K.
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temperature of molecules that have just cobucJ with a wall are somewrat less than the salues implied by
the wall temperature. Knudsen derived an expression for the power per unit area transferred from a hot
surface to a cold gas

s wNl f -- 7+I
I

P(T - T ) a (C-1. l l)W =
4 y-I s g' sg

g

where

2power per unit area transferred across the surface (W/m )W =
3

the gas constant [J/(K-moi)]R =

molecular weight of the gas (Kg/mol)N1 =

ratio of the constant volume to the constant pressure specific heats of the gasy =

(unitiess)

temperature of the gas (K).T =
E

The corresponding expression for the energy transferred from a hot gas to a cold surface is

J[\ y - l /I y + l} P T - T ). (C-l .12)
2R sgW =

s rNIT g s 1-a
SFg '

If the mean free path of the gas moleculas is long compared to the gap width, the power per unit area
transferred across the gap in the steady state can be found by equating the expressions for the power per
unit area across the two surfaces. The resultant expression -1.l? sC i

h/ a ai

2R ! +1 hg cg
PT -TH (C-1.13)w =

ss rN1 f 4 y-I h e ahg + a -a a
cg hgcF)g

w here

2power per unit area transmitted across the gap in the steady state (W/m )W =
3s

Th temperature of the hot gap surface (K)=

temperature of the cold gap surface (K)T =c

ahg surface accommodation coefficient for the hot surface-gas mterface (unitiess)=

surface accommodation coefficient for the cold surface-gas interface (unitiess).a =eg

Equation (C-l.13) could have been obtained less rigorously by defining a thermal impedance for each
surface

.iT
(C-1.14)r, = 7

ss

O
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where

I ) 2thermalimpedance for surface S (Km fw)r =s

or temperature difference between the surface and gas (K)=

and adding the two series impedances that represent the surfaces to find an effective impedance for the
entire gap in the limit of mean free paths that are much longer than gap width. This thermalimpedance
approach has been adopted to model the conductivity of a fuel rod gap when the gas mean free path is not
long compared to gap width.

Single-component gasr> are considered first. The expression for the power per unit area transferred
across the gas is

k AT
W I ' }g= t

where

2Wg power per unit area transferred across a region of gas (W/m )=

ATg = temperature change across the gas (K).

The thermalimpedance of the gas is

t
p-s B"k (C-1.16)r
> \
\ /
V where

thermal impedance of gas.rB =

Summation of the series thermalimpedances that represent the two surfaces and the gas bulk, produces the
following expression for gap impedance

wh1T
+ I '")reg7 = 2R y+1

where

2r rr = effective impedance of a gap containing a singie-component gas (m gfw)e

"hg*cg

"hg + "cg -"hg"cg

The gap conductance is the reciprocal of the effective impedance

k
(C-1.18)N=

k / y - ll rh1Tg
t+4' +1 2R

gj
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w here

2gap conductance for a gap containing a single component gas (W/m .g;,h =

Equation (C-l.lH) illustrates sescral featdres of gap conductance. The surface impedance term in the
denominator is not important for f arge gaps. I or gaps of 1 given width, the surface impedance is large at
low preuures and high temperatures. Finally, the impedance term is most important for gases with large
thermal conductisities.

liquation (C-l.5) is derised with a slight generalitation of the arguments just given for a single-
component gas. Inspection of !!quation (C-l.4), the esprewion for the thermal conductisity of gas mis-
tt.res, shows tnat the i. sum in the equation represents the combination of parallelimpedances due to each
componcut of the mixture (the j-sum represents the modification of the scattering crow section seen by
each component due to the presence of all the other components). T he arguments just gisen for a single-
component gas can be repeated for impedance due to each component of the gas mnture. 'Ihe resultant
esprenion for the gap conductance due to the ith componere of the gas misture is

h. - (C- 1.19)'
4s.

7'.
- I r M .T

' '
t t

a.P. y+ 1 2R
I i

where

th 2hj gap conductance due to the i component of the gas misture (W/m ,g)=

ith term in liquatien (C-l.4)= =

thl', -- partial prewure of i component of misture

ai value of factor a of !!quation (C-1.17) for each gas componem and the two gap=

surfaces (unitiew).

'I he partial prenure of the ith gas component is gisen in terms of the mole fraction of the component
and the total preuure by the idealized gas law. The relation is

l'. =. I' X . (C-1 20)
i I

Equation (C-1.5)is obtained by substituting liquation (C-1.20)into Equation (C-l.19) and combining the
parallel gap conduct: mees due to each component of the misture.

Values of V and M are sontained in the G filCON subroutine. 'Ihe specific heat ratios were taken fromiZemanskv -I;I7C - and the molecular weights were taken from the llandbook of Chemistry and
l'hysics.OI 18

'I he surface accommodation coef ficients required to use I:quation (C-l.5) were estimated from data and
trends mentioned in Section 1.2. T he coef ficients and values of a; that result are listed in Table C-l.IV.
The accommodation coefficients for h-lium on tirealoy and fuel were approximated with helium-mckel
and helium glaw data. Ilydrogen accommodation coefficients were assumed to be approsimately the same
as those of helium because of the similar maues of these molecules. The accommodation coctficient for
argon on tirealoy was awumed equal to the argon tungsten coefficient. An estimate for the argon-fuel
coefficient was obtained by using the ratio of argon and helium coef ficients on zircaloy to multiply the
helium fuel coefficient. I or heavy molceules (kry pton, xenon, and carbon dioside), White's estimate of
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1

["N TABLE C-1.IV
*;

SURFACE ACCOMMODATION COEFFICIENTS

Factor a of
g

*
Cas Equation (C-1.5) gas-zircaloy gas-fuel

He 0.06 0.071 0.34

Ar 0.15 0.16 0.8

Kr 0.74 0.85 0.85

Xe 0.74 0.85 0.85

112 0.06 0.071 0.34

N2 0.19 0.2 0.85

02 0.19 0.2 0.85

C3 0.19 0.2 0.85

n

CO2 0.74 0.85 0.85v.
HO 0.19 0.2 0.852

_

0.85 is used for the accommodation coefficients of both fuel and zircaloy. The nitrogen-zircaloy coeffi-
cient was adopted for nitrogen, oxygen, carbon monoxide, and steam because of the similar masses of
these molecules. A heavy molecule estimate of 0.85 was used for the fuel surface accommodation coeffi-
cient of the nitrogen.like group because the estimate obtained from scaling up with the zircaloy surface
coefficients was Freater than one.

The effective jump distance calculated by GJUh1P is determined with Equations (C-1.4) and (C-1.5).
The mixed gas conductivity is divided by the heat conductance for a gap with zero width and with the two-
.,urface accommodation coefficient replaced by the single-surface accommodation coefficient.

1.4 Gas Thermal Conductivity Functions GASCON, GTHCON, and
GJUMP Listings

GASCON, GTHCON, and GJUh1P function listings are presented in Tables C-1.V to C-1.VII.

i x
I )

d
|
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TABLE C-1.V g

o

_OLISTING OF THE CASCON SUBCODE

g
FUNCTION GASCON(GNIX, GTEMP, GPRES) n

C T E MP ER A TUR E AND G AS COMPONE NT FR AC TIONS. GAP SURFACF EFFECTS ~hGASCON C ALCUL ATE S GAS THERMAL CON DUC T IViT Y AS A FUNCTION OF
C ARE NOT CONSIDERED @
C c
C GASCON OUTP UT G AS THE RM AL C ON D'J C T I V I T Y (w/(M*Kil 5=

C UG AS K( I) OU TP U T ST A1 D AR D E RROR E X PEC T ED FOR THE THE R1 AL 7=
C C ONDUC TIVITY OF E ACH COM PONEhT OF THE GAS MIX
C (W/(M*Kl). TifS OUTPUT IS CALCULATED IN GASCON
C BUT NOT R ETURN ED
C
C GMIX(I) INPUT MOLE F# ACTIONS OF THE GAS COMPONENTS ( UN IT LE SS )=

C I 1 IS HELIUM=

C I 2 IS AtGON=

C I 3 IS KRYPTON=

C I = 4 IS XENON
u C I 5 IS HYDROGEN=

$ C I 6 IS NITROGEN=
= C I 7 IS OXYGEN=

C I 8 IS CARBON MONOXIDE=

C I 9 IS CARBON DIOXIDE=

f C I =10 IS WATCR V AP0R
1 C GTEMP IhPUT GAS TEMPER ATURE ( K)=

{ GPRES INPUT GA S P RE SSURE (PA)=

R C THE GAS THERMAL C ON DUC TIV ITY C ALCUL ATED BY THI S FUNCTION IS
S C B ASED ON DATA FROM THE FO LOWING REFEREhCES

C (1) W. G. K AN4 UL UIK AND E. H. CARMAN, THE RM AL CONDU* T IVITY
C OF RARE GA5ES, THE PROCEEDINGS O F THE PH Y S IC A L SOCIETY
C 65 (1952) PP 701 - 709.
C (2) R. S. GAMBHIR, J. M. GANDHI AND S. C. SAXENA, THERMAL
C CONDUC TIVI TY OF RARE GASES, DEUT ERIUM AND AIR, INDIAN
C JOURNAL OF PURE AND APPLIED PHYSICS 5 (1967) PP 457 - 463.
C (3) H. VON UBISCH, THE THERMAL CONDUCTIVITIES OF MIXTURES
C OF RARE GASES AR 29C AND AT 520C, ARKIV F0ER FYSIK 16
C (1959) PP 93 - 100.
C (4) V. K. S AXEN A AND 5. C. S A XEN A, MEASUREMENT OF THE
C THERMAL CONDUCTIVITY OF HELIUM USING A HOT-WIRE TYDE
C OF THE EM AL DIFFUS ION " 0L U NN, BRIITISH J OU RN A L OF APPLIED
C PHYSICS 1 ( 1968) PP 1341 - 1351.
C (5) D.L. TI MR O T AND E . E. TOTSKII, DIL ATOMEIRIC METHOD
C FOR THE EX PE R IMEN TAL DE TE RMIN A TIGN OF THE THERMAL
C CONDUCTIVITY OF CORROSIVE G ASES AND VAPORS AT HIGH

| C TEMPERATURE, HIGH TEMPERATURE 3 (1965) PP 685 - 690.

O O O
,
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TABLE C-1.V (continued)
_

C ( 6) D. L. TIMROT AN D A. , S. U M ANS KII , I NVES TI GATION OF
C THE THERMAL CONDUCTIVITY OF HELIUM IN THE RANGE
C 400 - 2400 K, HIGH TEMPERATURE 3 (1965) PP 345 - 351.
C (7) L. S. Z AITSE VA, AN E XPERIMENTAL INVESTIGATION OF THE
C HEAT C CNDUC T IVITY OF MONATIMIC GASES OVER WIDE
C TEMPERATURE INTER VAL S , S OVI E T PHYSICS - TECHNIC AL
C PH Y S IC S 4 (1959) PP 444 - 450.
C (8) H. CHEUNG, L. A. BR O NL EY AND E. R. WILKE, THEeMAL
C C OND UC TIVI T Y OF GAS MIXTURES, AICHE JOURN AL 8 (1962)
C PP 221 - 228.
C (9) R. S. BRCKAds PR EDIC TING TR AN SPORT PROPER TIES OF DILUTE
C GASES, I AND EC PROCESS DESIGN AND DEVELOPMENT 8 (1969)
C PP 240 - 253.
C (10) D. L. TIMROT AND A. S. UMANSKII, THERMAL CO N DUCT IV IT Y
C OF HYOROGEN AND ARGON, HIGH TEMPERATURE 4 (1966)
C PP 289 - 292.
C (11) F. G. KEYES, THE HEAT CONOUCTIVITY, VISCOSITY, SPECIFIC
L HE AT AND PR ANDTL NU18ERS FOR THIR TEEN GAS ES, NP-4621
C (1952).
C

& C GASCON WAS CODED BY D. L. H AG RMAN OC T OB ER 1979
e C MODIFIE D BY D. L. HAGRMAN JULY 1981 TG PREVENI NEGATIVE

C STE AM CONDUC TIVITY A T HIGH TEMPERATURE ( C DR-MP -0 3 )
C

x COMMON / L AC EMDL / M A XI DY, EMFLAG
; 9 DI N ENS I ON EMFLAG(1)

* DI MENSION GM IX(10 ), A (9 ) ,3 (9 ) ,C (10) , w( 10 ), AU (9 ), BU ( 9 ) ,UG AS K( 10)'

DATA A /2. 6 3 9E -0 3,2. 9 8 6 E-0 4, 8 .2 4 7 9 -0 5, 4. 3 51 E-05,
' s s 1. 0 9 7 E-0 3, 5. 314 E-0 4,1. 8 5 3 E -0 4,1. 4 0 3 t- 04, 9. 4 6 0E-0 6 /
i DATA B /0.7085,0.7224,0.8363,0.8616,-

4 0.8785, 0.6898,0.8729,0.9090,1.312/ o
DATA AU 18 . 0 0E - 0 7, 4 . 9 6E -10,1. 4 5 E -0 9, 2. 7 7 E -G8, >

# 2.10E-0 6, 2.64 E-0 6, 2. 3 4 E-09,1. 0 0E + 0 0,8 .7 8 E-1. :/ 8
OATA BU /1. 5 0, 2. 2 5, 2. 0 0,1. 5 0,1. 5 0,1. 00,2 0 0, t . 00, 3. 0 0 / o
DATA W /4.003,39.944,63.800,131.300, z'

*

# 2.016,28.020,32.000,28.010,44.010,18.020/
DATA ON / 2 HON /, h

# OFF / 3 HUFF 6, =
s LOCIDX / 16 / o

IF(EMFLAG(LOCIDX) .EQ. ON ) 0
EMGTON(GMIX, GTEMP, GPRES, 0.0) .Z# GASCON =

IF ( E MF L AG( L OC ID X ) .EQ. GN 1 GO TO 100 o
I F (GTE MP . L T. 4000.1 G3 TO 20 -

10 WRITE (6,900) GTEMP,GNIX C'

900 FORMAT (25H1GASCON INPUT 343. GTEMP=,1PE12.4,2H K,/ $
# 10H 0F R AC T I ON S, (10E12.4)) -

i

j

__ _ _ - -
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TABLE C-1.V (continued)
e
O

STOP
-Z
020 x = 0.0 d1,1000 30 I =

= X + GMIX(I) F30 X #
IF (X .LT. 0.9 .OR. X .GT. 1.11 GD TO 10

C ",-
C FIND PURE G AS CONDUC TIVITI ES

1,9 :00 40 I =

AU(Il * (GT E MP * * BU ( II ) cUG AS K(Il =

A(I) * ( G T EMP * * B( I l l I40 C(Il =

0.02 * C(8)UGASK(8) =

(0.02 + 4.0E-4*(GTEMP 400.)/IF(GTEMP .GE. 400.) UGASK(8) = -

8 3.1 * C(8)
273.13IC = GTEMP -

17.6E-3 + TC*( 5.87E-5 + TC*( l.04E-7 - 4.51E-ll*TC))C(10) =

C US E IDEAL GAS LA's TO F IND DEMSITY
IF(GNIX(10) .LE. 1.0E-9) GO TO 50

GFR ES * GM I x( 10 )PS =

2.1668E-6 * PS / GTEMPDEN =

C(10) = C(10) + DEN *( 103.51E-3 + TC* ( 0.419 8 E-3 - 2. 7 71E-8 * TC )
e s + 2.14 82 E + 11 * D E h / TC ** 4. 2 )

0.06 * C(10)2. UGASKfl0) =

(F(GTEMP .LE. 973.15) GO TO 50
4.44E-06*(GTEMP**l.45) + 9.5E-05 * ((2.1669E-09 *C(10) =

1.283668E-03x * GPRES / GT EMP )** 1. 3 ) -

0.06 * C(10)0 UGASK(101 =

T 50 C0hTINUE
E C FIhD MI XTUR E CONDUC TIVITY

GASQ0N 0.=x
1,10S 00 .0 I =

- IF (GMIx ( I) .L E. 1.0E-91 GO TO 70
SUM = 0.0

Ig10DO 60 J =
IF ( J .EQ. Il GO TO 60
IF (GMIX ( J ) .LE. 1.0E-9) GO TO 60
RC = C(Il / C(J)

W(I) / 4(J )RW =

SQR T (R W)RWSR =

GI J = 1. + 2.41 * (RW-1.1 * (9W-0.142) / ( 1. + R W i * * 2
FIJ=((1, + S CR T( RC *RwS R) 1 * *21/ S Q R T ( 6. * ( 1. + R h ) )

SUM + GIJ * FIJ >$ GMIX(J)SUM =

60 CO N T IN UE GASCON + C(I) * GMIX(Il / (GMII(Il + SUM)GASCON =

70 CONTINUE
100 CONTINUc

RETURN
END

O O O
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TABLE C-1.VI

LISTING OF THE GTHCON SUBCODE

FUNCTION GTHCON(GMIX, GTEMP, GPRES, GPTHK)
C
C GTHCON CALCULATES THE CONOUCTION PART OF GAS GAP
C HEAT CONDUCTANCE AS A FUNwTION OF TEMPERATURE, GAS

,

C COMPONENT FRACTIONS, GAP WIDTH AND GAS PRESSURE.
C GAP SURFACE EFFECTS ARE CONSIDERED
C

OUTPUT CONDUCTION PART OF GAS GAP HEAT; C GTHCON =
! C CONDUCTANCE (W/ttM**21*K))

C
IN/UT MOLE FRACTIONS OF TH GAS COMPONENTS (UNITLESS)C GMIX(I) =

1 IS HELIUMC I =

2 IS r.R G ONC I =
q 3 IS ARYPTONC I =

= 4 IS AENON; C I
5 IS HfDROGENC I =,

= 6 as NITROGEN1 C I
u C I 7 IS OXYGEN' =

i 8 C I =8 IS C A R BON MONOXIDE
= 9 IS CARBON DIO XI DE" C I

L I =10 IS DATER VAPOR
C GTEMP = I NPU T GAS TE MP E R ATURE (K)

f C GP RES INPUT GAS PRES SURE (P A)=

INPUT GAP WIDrH ( M)' 1 C GPTHK =
i X C A su NIMUM GAP WIDTH C? 4.4E-6 IS SUGGESTED TO ACCOUNT

C FOR TfPICAL FUEL SURFACE ROUGHNESS''

C THE SURFACE EFFECTS CALCUL ATED BY THIS DUN C T ION ARE BASED GN
C DAT A FROM THE REF ERENCES LISTED BELOW. THERMAL CONDUCT!VITY
C OATA REFERENCES ARE LISTED IN THE GASCON FUNCTION. @
C (1) G. K. WHIT E, EXPERIMENTAL TECHNIQUES IN LOW TEMP ER A TUR E m
C PHYSICS, OXFORD P RE SS (1959) PP 181 - 163. O
C (2) M. W. ZEMANSKY, HEAT AND THERMOD f N AMIC S, MCGRAW - HILL O
C BOOK COMPANY, INC (1957). .Z

i C (3) C. D. HODGMkN (ED), HANDBOOK OF CHEMISTRY AND PHYSICS. O
; C THIRTY - EIGHTH EDITION, CHEMICAL RUBBER PUBLISHING CD. p
i C (1956).

C GTHCON WAS CODED BY R. C. YOUNG MARC 6
C MODIFIED BY D.L. HAGRMAN OL TO BE R 19 -'

C MODIFIED BY D. L. HAGRMAN JUI, Y 1981 IL VNT NEGATIVE C.

! C ST EAM CONDUC TI VITY AT HIGH TEMPERATU. ' (CDR-MD-03) E
,

i C g
m

i

!

_ ___ _ - ____ - _ - ____--____ |



O
TAdLE C-1.VI (continued) 3

8
z

COMMON / L J.C EMD L / MAXIDX, EMFLAG 'aDIMENSION EMFLAG(1) H
DIMENSION G M IX ( 101, A ( ? ) ,3 ( 9 ), C (10 ), W (lO ), AC ( 10), AQ ( 10) . BR (10 ) =
DATA A / 2 . 6 3 9E -0 3,2 .9 8 6 E -0 4, 8. 2 4 7 E-0 5, 4. 3 51 E-05, O

e 1.097E-0 3, L. 314 E-04,1. 8 53 E-0 4,1. 4 0 3 E-04,9. 46 0E-06 / O

C. 8 78 5,0.6 898 0. 87 2 9,0. 90 9 0,,1. 312 /
-2B /0.7085,0.7224,0.8363 0.8616,DATA

# o
DATA w /4.003,39.944,83.800,131.300, "

# 2.Olt ,2 8. 02 0, 3 2. 0 0 0, 28 . 010, 4 4. 010,18. 02 0 / $
DATA AC /0.06,0.15,0.74,0.74,0.66,0.19,0.19,0.19,0.74,0.19/ =

*
OATA AR /1 6664,1.6667,1.6667,1.6667,

s 1.4045,1.4006,1.4006,1 4006,1.2957,1.2857/
DATA BR / -2. E-9, 3 . 5 3 E-8,3 . 5 3 E-8,3. 5 3 E-8,

s 2.5 E-9,2. 21E-8, 2. 21 E-8, 2. 21 E-8,6. 2 9 E -8, b . 29 E-8 /
DATA DN / 2 HON /,

4 0F F / 3HOFF /,
e LOCIDX / 16 /

IF (EMFL AG (L OCID X ) .EQ. 09 )
LMGTJN(GMIX, GTEMP, GPRES, GPTHK) / GPTHKs GTHCON =

IF ( E MF L AG ( L OC ID X) . E Q. JN 1 GO TO 100
% IF(GTEMP . L T. 4000.) GO TO 20
E 10 WRITE (6,900) GTEMP,GNIX

900 FORNAT( 25H1GASCON INPUT BAD. G TE MP = , lP E 12.4,2H K , /
s 10H0 FRACTIONS, (10E12.4))

* STOP
O 20 X 0. 0=

s DO 30 I 1,10=
a 30 X = X + GMIX(I)
* IF (X . L T. 0.9 .0R. X .GT. 1.1) GO TO 10
-

C FIND PURE G AS CONDUCTIVITIE S=
00 40 I 1, 9=

A(I) * ( GT EMP ** d( I) )40 C(I) =

GTEMP - 273.15TC =

17.6E-3 + TC+( 5.87E-5 + TC+( 1.0 4 E-7 - 4. 51E-11 * TC ) )C(10) =

C JSE ID EAL GAS L AW TO FIND DENSITY
IF(GMIX(10) .LE. 1.0E-9) GO TO 50
PS = GPRES * GM I X ( 10 )

2.1668E-6 * FS / GTEMPDEN =

C(10) + DEN *( 10 3. 51E-3 + TC * ( 0.419 8E-3 - 2. 771E-8 * TC )C(10) =

s + 2.148 2E + 11 * D EN / TC ** 4.2 )
IF(GTEMP .L E. 97 3.15 ) GO TO 50

4.44E-06*(GTEMP**1.45) + 9.5E-05 * ((2.1668E-09 *C(10) =

1.283668E-03a GP RE S /G TE MP l** 1. 3 ) -

50 CONTIhuE
C F1ND MIXTURE CONDU TIVITY

GTHCON 0.=

DO 70 I 1,10=

s

O O O
-
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TABLE C-1.VI (continued)

IF(GMIX(I) . L E. 1. 0 E-9 ) GO TO 70 ,

SUM = 0.0 ,

I DU 60 J 1,10 '=

l IF(J .EQ. Il GO TO 60
i IF(GMIX(J) .LE. 1.0E-9) GO TO 60

RC = C(I) / C (J )i *

RW = W(I) / W(J)$
I

| RW S R = SQRT(RW)
J GIJ = 1. + 2.41 * (RW-1.) * (Rh-0.142) / ( 1. +R W) * * 2
j F I J =( ( 1. + SQRT(RC*RWSR) )* * 21/ S QR T ( b.* (1. + RW I) r

:

; SUM = SUM + GIJ * FIJ * 3 MIX (J) '
60 C ONTINUE'

i g SP HI AR(I) + SR(I) * GPRES=

j e Y I = S QRT(W(I)* G T EMP l * ( SP H I-1. )* C ( I ) / ( Id . 0 * ( SP HI +1.) * AC ( I )
i B # * GP RE S ) |.

I GT HCCN = GTHCON + C(I) * G MIX (I) /( ( GNI X(I ) + SU1) * G PT4 K + YI ) '

j 70 CONTINUE ,

'

f 100 CONTINU Ei

| S. RETURN
|

i [ END
f sa !.

\
-- l=

o,

| N ,

n <.

O
2

O
d
B
O
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TABLE C-1.VII
$

LISTING OF THE CJUMP SUBCODE @

a
FUNC TION GJ UMP (GHIX,GS TEM P, GPRES, ISURF) %

C GJUAP CALCULATES THE E FFECTIVE JUMP DISTANCE AT G AP SURFACES -$
C AS A FUNCT ION OF GAS TEMP ER ATURE AT THE SURFACE, GAS COMPONENT C
C FRACTIONS, GAS PRESSURE , G AP SURF AC E MAT ERI AL AND
C WHETHER THE SURF ACE IS & HEAT SOURC E OR A HtAT SINK.. E

v
C OUTP UT EFFECTIVE JUMP DISTANCE AT G AP SURFACE (9) E
C GJLMP =

C
IN PJ T NOLE FR AC TIONS OF THE GAS COMPONENTS (UNITL ESSIC GMI X (I ) =

1 IS HELIUMC I =

2 IS ARGONC I =

3 IS KRYPTONC I =

= 4 IS XENONC I
5 IS HYOROGENC I =

= 6 IS NITROGENC I
7 IS DXYGENC I =

= 8 IS CARBON MONOXIDEA C I

= 9 IS CARBON DIDXIDE8 C I
= C I =10 IS WATER VAPOR

INPUT GAS TEMPERATURE AT THE SURFACE (<lC GS TE MP =

INPUT G AS PRES SURE (PA)C G PR ES =

INPJT G A P S'J R F A C E M ATERI AL PARAMETERf C ISURF =
0 FOR ZIRCALOY SURFACE HEAT SINK1 C ISURF =
1 F OR F U EL SURFACE HEAL SOURCE4 L ISURF =

C ISURF .GT. 1 RE TURNS EFFECTIVE MEAN FREE PATH'
R C (HEAT SO UR C E WI T H ACCOMO D AT I ON
$ C COE FF IC IEN T 0F 1)

C
C THE FUNCT ION G ASC ON IS C ALL ED BY GJ UMP
C

GJUMP WAS C ODED 8 Y 0. L. HAGRMAN OCTOBER 1979
{

COMMON / L AC E MD L / MA XI D X, EMFLAG
DIMENSION ENFLAGII)DIMENSION G MIX ( IO ) ,W(101, AC F (10), AC C (10 ), AR ( 10), B R (10)
DA TA W /4.003,39.944,83.800,131.300,

# 2.016,28.020,32.000,28.010,44.010,18.020/
OATA ACF /0.34,0.80,0.85,0.85,0.34,0.85,0.85,0.85,0.85,0.85/DATA ACC /0 071,0.16,0.85,0.85,0.071,0.20,0.20,0.20,0.85,0 20/
DATA AR /1.6669,1 6567,1.6667,1.6667,

/-E.E-9,3.53E-8,$.53E-8,3.53$1.2857/4006,1.4006 1 4006,1.2857# 1.4045,1
8,DAiA BR

# 2.5 E-9,2. 21E-8, 2. 21 E-8, 2. 21 E-8,6. 2 9 E-8,6. 29 E-8 /

O O O
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TABLE C-1.VII (continued)
.

DATA ON / 2 HON /, -

# OFF / 3HOFF /,
# LOC IDX / 16 /

C
I F (EMFL AG ( L CC IDX ) .EQ. ON )

# GJUMP 0.0=

! IF (EMF L AG(LOCIDX ) .EO. 31 1 GO TO 100
IF(GSTEMP .LT. 4000.) GC TO 20

10 WR ITE (6,9001 G ST EMP, GMI X
900 F ORMAT( 26HIGJUMP INPUT BAD. G ST E M P= ,1P E12.4,2H K, /

s 10d 0F R AC TI ON S, (10E12.4))
STOP

20 x = 0.0
00 30 I= 1,10.

30 X =X + GHI X(I)
IF(X .LT. 0.9 .OR . X .GT. 1.1 ; GO T O 10

| N GTHCON = 0.0
! $ DO 70 1= 1,10
'

I F ( GMI X (I ) .LE. 1.0E-9) GO TO 70
SPHI < AR(I) + BR (I) * GP R E S

i w A. C 1.0=

9 IF ( ISURF .E Q. 0) AC = ACC(I)/(1. ACC(II)--

ACF(I)i IF (ISURF .EQ. 1) AC =
,

| 1 YI S QR T ( W ( I )* GS IE MP l * ( S PH I-1.1/ ( 18.0 * ( SP HI+1. )* AC + GPRE S )=

= GTHCON = GTHCON + GMIX(I)/YI
i A
j

-
70 CONTINUE

GAS CON ( GMIX, GS TEMP, GPRES1X =
X/GTHCCN qGJUMP =

i 100 C ONTINUE 5
i RETURN m

END @ i
.

:e:

! $
= ;

8
: :<
j 9 '

i 5
=:

f
:
i
t
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PilYPRP

1,2 UO and (U,Pu)O2 Heat of Fusion2,

}

The two calorimetrically determined values for the heat of fusion of unitradiated UO are in good agree-2
ment.Specifically,IIcin and Flagella -l.8 te,md 76 * 2 LJ/mol, and Leibowitz -1.9 reported a value ofD D

74 kJ/mo!. These results suFgest that the heat of fu; ion of unitradiated UO+ 's adequately known from
present analyses. The routine PilYPRP uses Leibowitz's calorimetry value of'. /4 x 10 J/kg for the heat5

of fusion of UO -2

DLeibowitz 1.10 determined a heat of fusion for mixed oxides of 67 kJ/ mot from three tests. This 10%
agreement between UO2 r.nd mixed oxide values for the heat of fusica is reasonable because of the
similarity in crystal structure and atomic bonding. Therefore, unless conflicting data become available, the
UO value will be used for the heat of fusion of mixed oxides.2

1,3 Zircaloy Melting Point and Transformation Temperatures

The reported melting point of zircaloy_is below ti.at reported for unalloyed zirconium. The addition of
tin lowers the zirconium melting point,13-313 and small amounts of iron, nickel, or chromium decrease
the solidus temperatures of a binary mixture about 70 K for each 0.1% addition of solute.D-1.12 These
results are for the binary mixtures of zirconium and one solute: tin, iron, chromium, or nickel. In the five- -

component zircaloy system, the effect of each solute may not be additive, and therefore, a separate deter-
' '

mination is required. The zircaloy-2 melting point has been measured to be about 2098 K, and this value is
returned by PilYPRP.

Pure zirconium isothermally transforms from the a phase to the # phase at i135 K.D.I.13 The routine
p, PilYPRP returns 1135.15 K for the zirconium transformation temperature when the variable, CTRANZ,
' i is called. Zircaloy, however, undergoes the same transformation oser a range of temp ratures. CTRAND,
d the temperature of the formation of the firrt B-phase regions in the~ar lattice, is a function of the oxygen

concentration in the zircaloy.

For oxygen concentrations <0.025 weight fraction

CTRANB = 1094 + W(-1.289 x 10 + W x 7.913 x 10h (D-1.3a)

for oxygen concentrations 2:0.025 weight fracticn -

~

CTRANB = 1556.4 + 3.8281 x 10 x (W - 0.025)
, (D-1.1b)

where W is the total oxygen concentration in the zircaloy in weight l'raction.

CTRANE, the highe>t temperature at which any a phase regions are foand in the # lattice, is also a
function of the oxygen concentration in the zircaloy.

For oxygen concentrations <0.00597 weight fraction

CTRANE = 3924600(W + 3.1417 x 10 ) - (D-1.4a)

for oxygen concentrations ed.00597 -

p CTRANE = 1079.6388 + W x 49115.7. (D-1.4b)

( ) 5^

V' Equations (D-l.3) and (D-1.4) are based on data presented in Refererice D-l.14. -
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1.4 Zirccioy Heat of Fusion,

\

The heat of fadon of fircaloy deg ends to wna extent on its composition and the estent of osidation.
firanfield has sunested that the heat .if lusion of tircaloy 4 ditfers little f rom that of tirconium and Ints
the heat of bion of circonium as 20.5 L1/mol. Iloweser,i)millbl 15 lists the heat of fusion of tirconium
us 23 kJ/aol with uncertainty. ihe routine I'llYl'Rl' returns lirassfield% hsted heat of fusion for tir-
conium of 2.25 s 105 J/kg.

1.6 Physical Proporties Subcodo PHYPRP ListinD

I he i UN I R Ay subsode I'liYl'RI'is listed in l'able Ib I.I.

TABLE D-1.I

LISTING OF PilYPRP SURCODE

_--

C
C

SCRROUTINE FHYPRP

b PHYPHP RETURN) U02, ( U, P ul 02, AND ZIRCALOY MELTING OSINTS
FLSION, AND ZlRCONIUM ANC ZlRCALOY AL PH A TO ACTAC m: HEATS CFIL Pp c)R A T UR E S.

C TRAh51TIUN
C

C C M ND*l / PP Y FR 0 / F TMEL T,FHFF US,CTMEL T,CHE FU$e CT R ANR e
4 CipANF,CTPANZ,FDELTA,80 .COMpe0CLPTY

C
MIX E0 9Xf 0 FUEL MELTING POINTS (K)
HlXfD OX10( FUEL HEAT CF F U $ 10'4 (J/rGI

du1PUT UO2 (:RC FTPFLi =

L FHEFU5 CUIPLT 002 DR t=

GUTPLT TR CL AD ME L TING PCINT (KiL CTPELT =

UUTPUT IR CLAD HE AT OF FUSION (J/KG)* t QHEFL5 =

TEMprpArokriOUTPJT STANI 0F Z R-4 AL PH A-BE T A TRAN U5 in, . . t wifANB' r

TEMpEat~,efOUTFLT tND UF Z W- 4 ALPHA-BETA TRAN5UC C T R ANE =

001PUT 2R I SOTHER M AL ALPFA-SETA TRAN US M ro C D A T U D E (ki* ( QTRANZ =
OU 1 PLT LIQUID-S OL ID C 0! X15 T ENCE TEMP R Af tJRE RANGC (p)FDEL T A

J(.
=

'

CONTENT (G-Ul
( MW-( /KINPUI BURNUPL du =

witIINPLi P00.'( ". L r o =

0X YGE N CONCEN79AT!ONC JELOXY a iNPUI OXtGEN CONC ENTR A T 1CN -

,C 0F AL Rc C d !VED CL A001NG (KG OXYGEN /KG TIRCALOY)
s

C

FOLLOWING REfc{RtNCES.{NG POINTS AND HEAT 5 OF FU *> I ON ARE
LADDING M(LC THE UO2 AND TR UO2 F ULL MFLTING pnInf Cf( TAMEN FROM THE

C 3113K FROM 4.C. BRA 55 FIELD T AL GEMP-402. U02 HEAT OF Fif 5 f'1h
( Of 17 7 KCAL/ POLE FROM L .L 180wifZ ST AL, J.NUC. MAT. 39 0 1 15

< - L (1971). CLAC]ING MclTING P JNT OF 2098 K FROM P.L. *!Cwlet!Mtp
C PRIVATE CCMPUFICATION. CLA00 LNG HEAT OF FUSION OF 4.9 # CAL /MGL
6 FPLF nda$$ FIELD ET AL, GEMP-462.

k qEG1tEthGAhDENO OF ALPHA-BETA TRAN5US ARE FRCH DATA IN
*t FICupr III.33 OF A NL -7ba 49

L 15 ( T H[ F F Af. IlliC ON IUM AL PH A-BE T A TRAN5US TEMPERATURF IS 1135 K
L TAnsN FPFM E.(USTMAN L F.KERZE a THE ME TAL LURGY OF ZlpCONIU""

'C 1C(bAP=nlLL BL0n CO., NEW YORK, 1955
C -

M EL TI NG POINT WAS OBlAINED FROM LYON ET Ale J. NUC.C' ,4!3EC JY!r
( -mat., 22 g1967) P 332

N h BAfB.TONh75
h MAY 1974PHYPRO Y V. FM('CIF,,hAS LbLkDbL$iN IN F I0 8Y e .C

C N001F EO BY B.W. BURNHAM I N NOV. 1977
C MLDIF ED SY 01. H AGRMAN I N JUNE 19 79
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.- 3 ,' TABLE D-1.I (continued)
I
G ') -

<

V C
u ' CLPPON / LACEMCL / MAXID), EMFLAG
J1 w D 1" d A 5 I th EM F L AG (1)y / SDATA Gh / 2 HON /,
,s c' s's OFF / 3HOFF /,

ea LCCIDX / 2 /
r -

k. _ (; , m .

'N ' '. ,.LIcDUS(C)

'

5LtuS(C) = 284'c.v - 2.4'395+C + 7.4ct39;E-3*C*C'i ,

// 2 t! 4 C . ' - 3 . 2 ; e 6 > * C 1.446513c-2*C*C# = -

?? / * w 'tbl = db/36.4
M' a,

c .; %' I F , J C C *. P .Gl. 3.0) GL TO l'
, . . -

FT[dLT
"

1113.15 32.J*F8L/llv3C.)= -

# FDELTA 1. d. E-10=

GC ,TC 2C
C 1; C 1 | C1MP=

FTPELT 3LCUStC1) + 273.15 - 3 2 . J * F PJ / l j u d ", . 7=
* ,

t FDEL T A A LICCLS(C1) S L DU ! (C l )- 22 0*Fhu/1GCOC.S-

| C / /
20 FHEFU5 27.4c+4< =

CTrELT 2.96.1)=

CHEFUS 22.!S+04=

? C
DELCxY +.).. 12WFCX =

'

CTbANP = 1094 + wF07 * (-1.269f+C3 + '. F J E * 7.414:+35)
I F (4 FCr .LT. C.025) 60 TO 30
C T E AM 1350.4 + 3 82815+C4 (4F9X - 0.025)*=

3s CTEAN[ 392.46 * ((1s].*D5LOxY + s.12423U7)**2 + ?.1417)=

IF(DeLOxY .LT. 4.73)t9.175-s3) GO TO 40
C T h a te E (lie. $ OdLLxY + (.12) * 491.117 + 2581.741?=

i 4 0 C C A T I t.U ?j CT Ft NZ '125 1)=

C
tETLRN
IND

r
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2. LINEAR INTERPOLATION IPOLATE, (D. L. Hagrman)

A number of the A1ATPRO subcodes contain tables for a property rather than analytical expressions.
POLAT E is used when analytical expressions based on theory are not availctie or are toe complex, as in
the case of cladding specific hcat capacity.

The POI. ATE function returns the interpolated value of Y(X) using an input salue of X for which Y(X)
is desired and a table of pairs of 1. umbers Y( = Y(X() and N(. To increase the efficiency of the POLATE
function, an estimate of the spected location of thi salue of the input X in the table of numbers is als
accepted. The number of the pair that was used in a presious interpolation is often used for this estimate.

lleginning with its initial estimated ulue, the index K is raised or lowered until a pair of X( and X + 1k
are found which bound X. Y(X ) and Y(X + 1) are then used to interpolate for Y(X).k k

If X is outside the range of the set of X gisen as input, the Y( of the member of the set of X( closest tok
X is returned by POLATE.

A listing of the POLATE function is gisen in Table D-2.1.

O
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TABLE D-2.I

LISTING OF THE POLATE SUBCODE
,

FUNCTION POLATE !XY,XX,NNeKK)
C
C POLATE RETURNS AN INTERPOLATED NUMBER, Y( XXI, OSI1G
C AN INPUT TABLE OF UP TO 13 P AIRS OF NU MBE RS .
C
C POLATE = OUT PUT INTERPOL A TED VAL UE OF Y AT XX.

OUTPUT L OC ATION OF XX IN THE TABLE OF Y, X PAIRSC KK =

C (NUMBER OF FIRST P AIR WITH X LESS THAN XX) .
C

INPUT T ABLE OF U P T O 13 PAIRS OF Y AND X VALUES --C XY =

C Y( 1), X(1 ), Y (2 ), X (2 ) . .. . . .s Y t NN), X (NN ) .

INPUT VALUE OF I ND E P E N DE N T VARIABLE FORC XX =

C WH ICH AN INTERPOLATED DEPENDENT VALUE IS DESIR ED.
INPUT NUMBER OF P AIRS IN THE I hPUT TABL E.C NN =

INPUT ESTIMATED LOCATION OF XX IN THE TABLE OFC KK =

C PAIRS (NUMBER OF FIRST PAIR WITH X LE SS TH AN XX
C

u C POLATE WAS CODED BY D. L. HAGRMAN TO REPL AC E AN OLDER M ATPRO
C C SUSCODE OF UNKNOWN ORIGIN JULY 19 81 ( C D R-M P -0 5 ) .

C
DINENSION XY(26) .

5 C CHECK FOR 0 OR 1 TABLE ENTRIE3
i IF(NN - 1) 10s20,25
E 10 PRINT 901
= 901 FORMAT (23H POL ATE GIVEN NO D AT A)
A POLATE = 0.0

RETURN-

XY(1)20 POLATE =

RETURN
C
C CHECK SUGGESTED POSITION VERSUS TABLE LIMITS

125 IF(KK .LT. 1) KK =

IF (KK .GT. (NN - 1)) KK = NN - 1
K = KK

C FIND T ABLE VALUES NE AREST XX BY ADJUSTING INDEX K
C
C LOOP TO LOWER INDEX UNTIL XY(2*K) IS LESS THAN OR N
C EQUAL TO XX

30 IF(XY(2*K) . LE. XX) GO TO 40 $
K- 1 >K =

IF(K .GT. 0) GO TO 30 H
mPOLATE = XY(1)

RETURN
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TABLE D-2.I (continued)

C LOOP TO RAISE INDEX UNTIL XY(2*K) IS LARGER TH AN XX OR
C THE TABLE IS EXHAUSTED

40 IF(XY(2*K+2) .GT. XX) GO TO 50
K+ 1K =

IF(K .LT. NN) GO TO 40
POLATE = XY(2*NN - 1)
R E IUR N

"
C IF XX IS BOUNDED ABdVE Ai D B E L OW BY T ABLE VALUES
C 00 A lit 1 EAR INTE RPOL AT ION

50 KK =Kx
? POLATE XY(2*K-1) +(XX-XY(2*K)) * (XY(2*K+1)-XY(2*K-lli=

7 8 / (XY(2*K+21-AY(2*K))
1 RETURN

END2
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PSOL, PLIQ, PSLV

r3 3. MELTING TEMPERATURES OF URANIUM-
(~) ZlRCONIUM-OXYGEN COMPOUNDS (PSOL AND PLIQ)

AND URANIUM DIOXIDE
SOLUBILITY IN ZlRCALOY (PSLV)

(D. L. Hagrman)

The temperature of the appearance of the first liquid phase (solidus) and the temperature of the melting
of the last solid phase (liquidus) of uranium-rirconium-oxygen compounds are needed to model the
behavior of light water reactor cores w hen cladding temperatures exceed 1575 K. The function PSOL com-
putes the solidus temperature for these compounds and the function PLIO computes the liquidus
temperature.

It is also necessary to know the amot.nt of uranium dioxide fuel that can be dissolved by liquid zircaloy
as a function of temperature. The function PSLV calet lates this quantity. It is included in this section
because the solubility and iiquidus represent a single line with independent a d dependent variaoles
interchanged.

3.1 Summary

Solidus and liquidus temperatures for uranium-zirconium-oxygen compounds are calculated from
values of the atomic fraction of each element of the compound. A weighted average of the temperatures
obtsined from binary phase diagrams is employed. The equation used to average the temperatures
obtained from binary phase diagrams is

/a\ - t 2

ZfU +Z U
'v' T= 1- + $ 3.1)

w here

solidus or liquidus temperature nf ternary compound (K)T =

oxygen-to-metal ratio of the compound for oxygen to-metal ratios :s 2. For oxygen.Y =

19-metal ratios >2, Y is four minus the oxygen-to-metal ratio (unitiess)

atomic fraction zircaloy in the compound (unitiess)7. =

atomic fraction uranium in the compound (unitiess)U =

solidus or liquidus temperature from binary zirconium-zirconium dioxide phaseTZ =

diagram (K)

solidus or liquidus temperature from binary uranium-uranium dioxide phaseTU =

diagram (K)

solidus or liquidus temperature from binary uranium dioxide-zirconium dioxide iTD =

phase diagram (K).

The oxygen-to-metal ratio required by Equation (D-3.1)is calculated from the atomic fractions required as
input with the relation j

(pJ
v
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!

X'

|'Y=U+Z (D-3.2)

where

atomic fraction of oxygen in the compound (unitiess).X =

The correlations used to determine T7., TU, and TD for solidus temperatures are listal in Table D-3.I,
and the correlations used to determine TZ, TU, and TD for liquidus temperatures are listed in
Table D-3.ll. The parameters, D and F, which are required for the correlatiom displayed in these tables,
are calculated from atomic fractions with the following relatiom

1ABLE D-3.I

CORRELATIONS FOR SOLIDUS TEMPERATURES OF BINARY COMPOUNDS

h
Zirconium--Zirconium Oxide

X, Atonic Fraction Oxygen TZ, Solidus Temperature

0.00 - 0.10 2,098 + X 1,150.

0.10 - 0.18 2,213.

0.18 - 0.29 1,389.5317 + X(7,640.0748 - X 17,029.172)

0.29 - 0.63 2,173.

0.63 - O.067 -11,572.454 + X 21,r13.181

>0.667 -11,572.454 + X(1.334 - X) 21,818.181

tiranium--Uranium Oxide

D, Departure f rom Stoich ie ro try I U, Solidus Temperature

All valuce 3,l19. - D (373.7 + D 1,469).

If TU is calculated to be <2700, the

calculated value is replaced by 1373.

Uranium Dioxide--Zirconium Dioxide

F, Zircaloy-to-Metal Ratio 'l D , Solidus Temperature

0.00 - 0.55 3,119. + F(-1,130.394 + F 1,007.3297)

0.55 - 0.88 2,773.6667 + F 51.515151

0.88 - 1.00 1,689.6667 + F 1,283.3333
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1

TABLE D-3.IIg%
{ -<

I '

i
'

CORRELATIONS FOR LIQUIDUS TEMPERATURES OF BINARY COMPOUNDS
'

- i

;

-Zirconium--Zirconium Oxide

X,! Atomic Fraction Oxygen- TZ, Solidus Temperature

- -0.00 - 0.19 2,125 + X(1,632.1637 - X 5,321.6374) I
.

'

O.19 - 0.41 2,111.6553 + X(1,159.0909 - X 2,462.1212)

l0.41 - 0.667 895.07792 + X 3,116.8831

>0.667 '895.07792 + (1.334 - X) 3,116.8831'

:

; Uranium--Uranium Oxide
.

Departure from Stoichiometry TD, Solidus TemperatureD,

"

All Values- 3,119. - D2 1,610.
If TU is calculated to be <2700, the'

calculated value is replaced by 1373.

i
i Uranium Dioxide--Zirconium Dioxide
!

F,'Zircaloy-to-Metal Ratio TD, Solidus Temperature

I
; 0.00 - 0.50 3,119. + F(44.4208 - F.1.342302)
i-

! 0.50 - 0.52 3,119. + F(- 1,130.3949 + F 1,007.3297)

| 0.52 - 0.55 2,224.2377 + F 1114.1132
;

0.55 - U.93 3,180.9473 + F(-1,116.5869 + F 893.14194)

-0.93 - 1.00 _2,144.4285 + F S28.57142
;

.

! Y
D=U+Z2 (D-3.3)-

3
J

Z-
= F=U+Z (D-3.4)
1-

where --
:

N D departure from stoichiometry (unitiess)=

: Y,

zircaloy-to-metal ratio (unitiess).E =-

|
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The estimated uncertainty of the solidus and liquidus temperatures is computed in the PSOL and PLIQ
functions but not returned. The expression used for this uncertainty is

U = 10 + 50(! - jZ - Ul) + 100(Y |Y - 2|). (D-3.5)

The expressions for the solubility of uranium diexide in oxygen-stabilized alpha phase zircaloy are for
temperatures $2103 K

FR = 0 (D-3.6a)

for temperatures between 2103 and 2673 Ka

FR = 1.19143754 + T(-l.212719510' + T 3.185702310 ) (D-3.6b)

for temperatures in the range 2673 to 3119 K

FR = 2.0859332 + T(-1.1311691 10'3 + T 2.5104264 to ) (D-3.6c)

for temperatures >3119 K

FR = 1 (D-3.6d)

where

uranium dioxide in melt at saturation (mole fraction of melt)FR =

temperature (K).T =

An estimated uncertainty of 0.025 is defined within the PSLV function for values of FR between zero
and one. When FR is zero or one, the uncertainty is assumed to be zero.

Section 3.2 is a review of the melt temperature and solubility data. Section 3.3 is a description of the
development of the functions for calculating melt temperatures and solubility. FORTRAN listings of the
PSOL, PLIQ, and PSLV subcodes are in Section 3.4, and references are prosided in Section 3.5.

3.2 Melt Temperature and Solubility Data

Temperatures of the onset of melting in the ternary uranium-zirconium-oxygen system hase been
reported by llofmann and Politis.D-3.1 Their data are reproduced in Lelvin in Fie cre D-3.1. Vertices of
the triangular coordinate system used in this figure correspond to pure oxygen, uranium, or zirconium.
The baseline corresponds to binary mixtures of uranium and zirconium, and the left and right sides of the
triangle represent uranium and zirconium oxides. Tempera'ures increase rapidly as the stable dioxide com-
pounds (two-thirds of the distance from the baseline to the oxygen vertex) are approached. There is a less
pronounced decrease in the melt temperatures of the dioxide compounds as equal amounts of /ircaloy are
approached.

Data shown in Figure D-3.1 were used to estimate model uncertainties but not to construct the models.
There are not enough data at oxygen-to-metal ratios near 2 to define correlations.

O
a. Several signi0 cant 6gures are used to minimite diwontmuities.
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Figure D-3.1. Onset of melting in kelvin for uranium-zirconium-oxygen compoun M according to Hofmann and
Politis.

N1 ore detailed information for both solidus and liquidus temperatures are available from binary phase
diagrams. The remainder of this section is a review of binary phase diagrams that span different parts of
the ternary uranium-zirconium-oxygen system.

Laata and Fryxell -3.2 have published both solidus and liquidus temperatures for uranium oxides withD

oxygen-to-uranium ratios ranging from 1.46 to 2.23. Their data, which correspond to an expanded plot of
the region represented on the left side of the triangle of Figure D-3.1, are show n in Figure D-3.2 and listed
in Table D-3.III.

Figure D-3.2 illustrates the rapid increase in the solidus temperature as oxygen-to-uranium ratios of 2
are approached. The liquidus temperature also exhibits a maximum for oxygen-to-uranium ratios near 2,
but the liquidus maximum is not as sharp as the solidus peak. Both solidus lines are approximately sym.
metric about oxygen-to-uranium ratios of 2. There is a sharp discontinuity in the solidus data near 2700 K.
The discontmuity marks the appearance of a second phase that is liquid and mostly uranium. This second
phase melts at 1373 K. A lower solidus line slopes to the right from this discontinuity, separating the two-
phase Ugiq + UO2 region from the single-phase solid UO -x argion to the right.2

Table D-3.Ill repeats the solidus and liquidus data shown in Figure D-3.2 and adds posttest analysis of
the test samples. Inspection of the table shows that the samples tended to be reduced by the tungsten or
rhenium capsules that held them. Samples with oxygen-to-metal ratios >2 had several percent metallic
impurities it. them but, with the exception of sample 156, contamination of the hypostoichiometric
samples by the capsu!c was minimal. The hypostoichiometric data are therefore somewhat more reliable
than the hypentcichiometric data.

Solidus and liquidus temperatures of zirconium-oxygen mixtures have been published by Domagala and

j NicPhersonD-3.3 and modified by Ruh and Garrett.D-3.4 Figure D-3.3 is part of the phase diagram of the
~ rirconium-oxygen system reported by these references. The solidus curve is made up of several segments

above the 3, a + J, a + ZrO , and cubic ZrO2 regions. The liquidus curve is composed of the two2
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Figure D 3.2. Solidus and hquidus temperatures for uranium oxides according to Laata and Frymell.

segments under the liquid region. The modifications proposed by Ruh and Garrett are shown in dashed
lines and labeled parenthetically. Their work suggests a solidus that is virtually identical to the solidus of
Domagala and McPherson's data but raises the liquids temperature for oxygen fractions above 0.55. Data
for oxygen fractions below 0.55 were not presented.

Solidus and liquidus temperatures of the /ircaloy-oygen system show the same sharp increase near the
dioxide that was obsersed for the uranium oxygen system. Another similarity is the appearance of a
metallic second phase in the oside w hen the material is slightly hypostoichiometric (0.63 oxygen fraction in
zircaloy). An important difference in the systems is the fact that the n-phase component that appears in
firealoy-oxygen compounds is solid to 2173 K. In uranium-oxides, the metallic phase melts at 1373 K.

Table D-3.IV lists the solidus and liquidus temperatures reported by Domagala and McPherson. Since
these points are not sufficient to provide a complete description of the solidus and liquidus lines, additional
data were taken from the phase diagrams of this reference.

Another important binary system for the models that will be developed in the next section is the UO2
- ZrO system. Figure D-3.4 shows the liquidus and solidus temperatures for this system as a function of2
the mole fraction of rirconium dioxide. The figure was taken from Figure 6 of the UO2 - ZrO2 phase
equilibrium study by RomberFer Ilaes, and Stone.D-3.5 The results of Reference D-3.5 were used in

D-3.6 because the Cohen andpreference to a similar diagram published earlier by Cohen and Schaner
Schaner phase diagram shows a melting temperature of 3030 K for pure UO,. The fact that this value is
90 K lower than those obtained by numerous other investigatorsD-3.I D 3.2,D-3.5 raises doubts about the
temperature measurements and the purity of the UO2 samples used by Cohen and Schaner.

The final system that will be considered in this section is the oxygen-stabilized a-phase 2irconium-
uranium dieside phase diagram. This system is important because the two components used to construct
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' '

TABLED-3.III

'

SOLIDUS AND LIQUIDUS TEMPERATURES OF UO +x2
ACCORDING TO LATIA AND FRYXELL

Posttest
Capsule Melting Points

0/U Material
Sample Capsule in Sample Solidus Liquidus
Munber Protest Posttest Material (% or ppm) (K) (K)

221 2.23 -- Re 0.67 2837 3031
217 2.23 -- W 5.56 2851 3013
188 2.184 2.169 W 5.02 2878 3045
201 2.13 2.109 Re 1.37 2940 3078

192 2.12 2.103 Re 2.00 2907 3071
303 2.095 2.092 U 3.94 3003 3088
208 2.095 2.050 Re 1.34 3001 3090
172 2.058 2.058 U 3.32 3067 3109

204 -- 2.022 Re 26 ppm 3085 3136
193 2.019 2.009 U 0.26 3109 3125
212 1.998 1.998 Re 54 ppn 3118 3138

ex 190 1.997 2.003 W 0.25 3118 3138
j

!
s_- 194 1.997 2.000 W 0.24 3120 3135

209 1.993 1.995 Re 37 ppm 107 3133
189 1.980 1.990 W 0.15 3105 3133
146 1.980 1.985 W C.148 3106 3133

153 1.956 1.955 U 0.12 3076 3130
138 1.943 '1.943 W 0.046 3069 3118
184 1.020 1.930 W 0.060 3043 3113
150 1.890 1.929 W low 3002 3105

154 1.856 1.861 W 0.02 2970 3083
177 1.809 1.795 W 0.378 2888 3033
156 1.603 1.849 W 8.0 2393 3033
159 1.793 1.809 W 0.014 2874 3031

129 1.75 1.803 W 0.14 2818 2983
104 1.790 1.759 W 0.007 2863 3013
164 1.736 1.736 U 0.012 2786 2968
166 1.662 1.6E9 W 0.064 2686 2923

222 1.60 -- U -- 2696 2857
168 1.556 -- W -- 2708 2783
207 1.50 1.593 W 0.198 2701 2771

[' 'N ,

k #
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Figure D-3.3. Phase diagram of the airconium oxygen system according to Domagata and McPherson as modified
by Ruh and Garrett.

O
the diagram are those components one would expect to find in a reactor core as liquefaction begins.
Figure D-3.5 is a reproduction of the equilibrium quasi. binary phase diagram for <v-Zr(O) - UO, show n in
Figure 29 of an investigation by Politis.D-3.7

*

The cross. hatched region between zero and 0.05 mole fraction UO2 and near 2200 K represents the
effect of varying oxygen concentrations in the <r-Zr(O) and is consistent with the liquidus line of
Figure D-3.3. From the three. phase eutectic point at 0.05 mole fraction UO and 2 00 K, the temperature2
of the liquidus line increases with increasing UO content up to the point (0.226,2673 K). At temperatures2
>2673 K and UO2 concentrations >0.226 mole fraction, two liquid pl.ases are formed: L , ani
ei-Zr(O). rich melt, and L , a uraniuni dioxide-rich melt. At about 0.85 mole fraction UO and 2673 K, the2 2
three phases, L , L , and UO .x, are in equilibrium. From this point, the liquidus line proceeds to thei 2 2
melting point of pure UO , ap,,roximately 3120 K.2

The two-phase region below the liquidus line for concentrations of UO abose 0.85 aas not labeled by2
Politis. From Politis' description of thc three-phase point at (0.85,2673) as being like a eutectic, with the
exception the L is liquid, and from his comment that the three phases are L , L , and UO , the tentative3 i 2 2
label L2 + UO -x has been assumed. The label for the solid (U, Zr)O2-x region was aho not specifie 1 by2
Politis' figure. The region has been tentatisely labeled a* a solid solution (U, Zr)O2-x by comparing
Figure D-3.5 to Figure D 3.4.

Although the liquidus line just discussed is usually plotted as a concentration-dependent temperature,
the same line can be interpreted as a temperature-dependent solubility of UO i2 n en-Zr(O). The data will
actually be used only in the construction of the expressions for solubility of UO i2 n <r-Zr(O) as a function
of temperature because their use would make the computation of solidus and liquidus temperatures for
ternary compounds unnecessarily complicated.
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/7 TABLE D-3.IV <
'

.. | )

SOLIDUS AND LIQUIDUS TEMPERATURES OF Zr0
ACCORDINGTODOMACALAANDMcPHERSON-4.Ix

-

D

0xygen Content
Solidus Liquidus

(wt%) (at%)" (K) '(K)

I- 0 0 2125 2125

1.25 6.7 2213 --

L

2 to 3.75 10 to.18 2213 --

5.5 23 2248 2248

6.75 to 23 29 to 63 2173 --

11 41 2173 2173

26- 66.7 2973 2943

i
i

'

.

a.. Atomic weights of 16 fo'r oxygen and 91.22 zirconium were used to

V) convert weight fractions to atomic fractions. The relationship is

?*" " " *YE "
weight fraction oxygen = 16 atomte fraction oxygen + 91.22p

;

i (1-atomic fraction oxygen)
|

. . weight fraction oxygen 91.22
atomic fraction oxygen = 75.22 weight fraction oxygen + 16

i
L

-

!

3.3. Models Development and Uncertainties

Expressions used in the PSOL and PLIQ functions for solidus and liquidus temperatures of melts as a
function of component concentrations have been developed by correlating the binary phase diagram infor-

: mation represented in Figures D-3.2 to D-3.4 of the previous section. Compositions not represented by one
of the binary phase diagrams are modeled with an interpolation scheme which is based on the trends
apparent in the ternary system plot, Figure D-3.1. The solidus temperatures shown in this figure have a
sharp maximum for those compounds in which the oxygen-to-metal ratio is 2. This maximum is modeled in
the basic Equation (D-3.1) with a weighted average. By trail and error, weighting factors equal to the
square of the oxygen-to-metal ratio and one minus this square were found to work well.

.f3
j ) The correlations used to represent the solidus or liquidus temperateres of the dioxides, TD in
%/ Equation (D-3.1) and Tables D-3.1 or D-3.II, were obtained from the binary UO2 + ZrO -phase diagram2

of Romberger, Baes, and Stone.D-3.5 Since the solidus and liquidus lines published by these authors are
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Figure D-3.4. Solidus and liquidus temperatures for the UOyZrO2 system according to Romberger, Daes and
Stone.
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Politis.
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compicx curves, numerous simple polynomial segments were used to represent these curves. The values,..

used to generate function. for the several segments represented in Tables D-3.1 and D-3.Il are shown in
Table D-3.V.'s

m-

The factor that multiplies one minus the square of the oxygen-to-metal ratio in Equation (D-3.1) is a
w. ghted aserage. In this factor, the solidus or liquidas temperature obtained from the zirconium-oxygen
binary phase diagram, TZ, is averaged with the solidus or liquidus temperature obtained from the
uranium-oxygen binary phase diagram, TU Since these binary phase diagrams describe the solidus or
liquidus temperatures at the right or left edge of the ternary plot of Figure D-3.1, the weightit.g factors
multiplying TZ and TU are simply the zircaloy-to-metal and uranium-to-metal ratios, respectively.

The expressions for TZ shown in Tables D-3.1 and D-3.Il were obtained by fitting simple polynomial
segments to the data reported by Domagala and McPherson (Table D-3.IV and Figure D-3.3) for the
solidus or liquidus lines of the binary zirconium-oxygen syst n. The corresponding expressions for TU
were obtained by least-squares fits to the hypostoichiometric uranium-oxygen binary system data of Laata
and Fryxell(Table D-3 Ill and Figure D-3.2).The hyperstoichiometric data of this reference were not used
because of the larger concentrations of capsule material found after tests with hyperstoichiometric
uranium dioxide. Instead of modeling with questionable data, the simple assumption that the expressions
for the solidus and liquidus lines are symmetric about oxygen-to-uranium ratios of 2 was made.

Equation (D-3.5), the uncertainty estimate for the solidus and liquidus temperature calculated with
Equation (D-3.1), is an estimate constructed to show increasing uncertainty as compositions differ by
increasing amounts from the binary phase diagrams used to derive Equation (D-3.1). The factors of Niand
100 were deduced from comparisons of calculated temperatures to the limited ternary system data sported

,/
i )(j TABLE D-3.V

SOLIDUS AND LIQUIDUS TEMPERATURES OF UO2 + Zr02
USED TO FOR!!ULATE THE MATPRO !!ODEL

|

S lidus LiquidusMole Fraction Zro
2 (K) (K)

0 3119 3119

0.400 -- 2922

0.456 2813 --

0.500 -- Value of Tsol correlation at 0.500

0.520 -- Value of Tsol correlation at 0.520

0.550 280' 2837

0.880 2819 2890

0.930 2915--

,a
i r
! ) 1.000 2973 2973
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,

by flofmann and Politis.D-3.1 There is, unfortunately, systematic error because the data base is the
uranium-tirconium-oxygen system, while the model attempts to predict the behasior of uranium-zircaloy-
oxygen systems with fission product impurities.

Equa; ions (D-3.6a) to (D 3.6d), the expressions used in the PSLV function to calculate the solubility of
2 n a-Zr(O), are polynomial segments obtained from the liquidus line of the a-Zr(O) - UO2 quasi-UO i

binary phase diagram of Politis (Figure D-3.5). The points used to define the pe!>m,mial segments are
(2!03 K,0.05 fraction UO ), (2347 K 0.10 fraction UO ), and (2673 K,0.226 fraction UO ) for Equa-2 2 2
tion (D-3.6b); and (2673 K,0.856 fraction UO ),(2846,0.900 fraction UO ), and (3119 K,1.000 fraction22
UO ) for Equation (D-3.6c). A more complete inserse to the PSOL and PLIQ functions, namely a descrip-2
tion of all the compositions that could correspond to a given solidus or liquidus temperature, was not
produced because the computations would be unnecessarily complicated.

The estimated uncertainty of the PSLV calculation,0.025,is an estimate of the errors of the value taken
from the phase diagram of Politis (Figure D-3.5). A more detailed estimate was not attempted because the
phase diagram used to construct the function was the only source of data.

3,4 Subcodes PSOL, PLIQ, and PSLV Listings

Tables D-3.VI and D-3.VII are listings of the PSOL and Pl.lQ functions for the solidus and liquidus
temperatures of uranium-rircaloy-oxygen compounds. A listing of the PSLV function, which calculates
the solubility limit of UO2 n a-Zr(O), is presented in Table D-3. Vill.i

3,5 References

D-3.1. P. Ilofmann and C. Politis, "The Kinetics of the Uranium Dioxide-Zirealoy Reactions at liigh
Temperatures," Journal of Nuclear Afarerials. 87 (1979) pp. 315-397

D-3.2. k. E. Laata and R. E. Fryxell, " Determination of Solidus-Liquidus Temperatures in the UO2g
System ( 0.50 < x < 0.2)," Journal of Nuc/ car Afarerials, 35 (1970) pp.195-201.

D-3.3. R. F. Dornagata and D. J. NicPherson, " System Zirconium-Oxygen," Journal of Sletals. 6,
l'ransactions AIN1E 200 (1954) pp. 238-246.

D-3.4. R. Ruh and II. J. Garrett, "Nonstoichiometry of ZrO2 and its Relation to Tetragonal Cubic
Inversion in ZrO '" l""r""I"/ 'hv '1merican Ceramic Society, 30 (1966) pp. 257-26I .2

D-3.5. K. A. Romberger, C. F. llacs, Jr.,11. II. Stone, " Phase Equilibrium Studies in the UO -ZrO22
Sy stem," Journal of Inorganie and Nuclear Chemistry, 29 (1966) pp. I619-1630.

D 3.6. 1. Cohen and 11. E. Schaner, "A Nietallographic and X-Ray Study of the UO -ZrO2 System,"2
Journal of Nuclear A1ateria/s. 9 (1966) pp. I8-52.

D-3.7. C. Pohtis, Untersuchungen in Dreistoffsystem Uran-Zirkon-Sauerstoff, N(N 2167 (date
unknow n).

O
524 Revised 8/81



_ . . . - - - - -- .- - -. . . ._ .-- .

( O O
TABLE D-3.VI

LISTING OF THE PSOL SUBCODE
|

FUNCTION PSOL (X ,U , Z)

I C PSOL C ALC UL ATES THE SOLIDUS T EMPER ATURE O F
C URANIUM - ZIRCALOY - OXYGEN COMPOUNDS
C
C PSOL = OUTPUT SOLIDUS TEMPERATURE (K)
C
C X INPUT ATOMIC FRACTION OXYGEN IN COMPOUND ( UN ITLE SS )=

; C U INPUT ATOMIC FRACTION URANIUM IN COMPOUND (UNITLESS)=
'

C Z INPUT ATOMIC FRACTION ZIRCALOY IN COMPOUND ( UNI TL C S S )=

C
'

'
; C THE SOLIDUS TEMPEkATURE C ALCUL ATED BY T HI S F UN CT ION
: C IS BASED ON DATA FROM THE FOLLOWING REFERENCES

C (1)R. E. LATTA AND R. E. FRYXELL, D ETERMIN ATION OF
C SOLIDUS-LIQUIDUS TEMPERATURES IN THE UO2+X SYST5M

: C (-0. 50 L ES S THAN X LESS TH AN 0. 2 0) , J OUR NAL OF NUCLE AR
C MATERIALS 35 PP. 195-210 (1970).
C (2)K. A. ROM BE RGE R, C.. F.i R ATE S JR. A ND H. H. STONEeu

M C PHASE EQULIBRIUM STUDIES IN THE U02 - ZR02 SYSTEM,
C JOURNAL OF INORGANIC AND NUCLE AR CHEMISTRY 29 Pp. 1619-1630
C (1966).

x C (3)R. RUH AND H. J. GARRETT, NON STO ICH IOME TR Y OF ZRG2 AND
3 C ITS RE L AT IO1 TO T ETR AGONAL-CUB C IN Vki:S ION IN ZR02,
& C J OUR NAL OF THE AMERICAN C E R AM I S OC I ET Y $0 PP 257-261 (1966).
E C (4)R. F. DOMAGALA AND J. D. MC PHER S ON, SYSTEM Z IR C ON I U M-GXYG 5 N,
* C JOURNAL OF METALS 6 TR ANS ACTIONS AIME 200 PP 239-246 (1954).'

j C P SOL W AS C00E0 BY D.L. HA GRM AN OCTO BE R 1980
C,

'

C FIND OXYGEN TO METAL RATIO. ASSUME SYMMERTY ABOUT 2.0
1 YE = X/ ( U + Z )
.i IF (YE .GT. 2.23) GO TD 83
1 IF(YE .GT. 2.) YE 4. - YE=

C
! C ZlRCALOY - ZIRC AL OY OXIDE MODEL 3

TZ 0.0 O=.,

i IF(Z .LT. 1.0E-06) GO TO 10 .F
j XO Z =X m

TZ = 2098. + XOZ * 1150. F
IF (XOZ .L E . 0.10) GO TO 10 5,

1 TZ = 2213. -

1 IF(XOZ .L E . 0.18) GO TO 10 3
1 TZ = 1. 3 895 317E + 03 + XOZ *( 7.640074 8 E+03 - X OZ* 1 7029172E + 04) r

IF(XOZ .L E. 0.29) GO TO 10 <

;

I
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TABLE D-3.VI (continued)
r
m

TZ = 2173. C
IF(XOZ .LE. 0.63) GO TO 10 C

'

TZ = -1.1572454E+04 + X3 Z * 2.1818181E + 04
IF(XOZ .L E . 0.667) GO TO 10 G
XOZ = 1.334 XOZ r-

<TZ -1.1572454E+04 + X0Z*2.1818181E+04=

C
C UR ANIUM - URANIUM OXIDE MODEL

10 TU 0. 0=

IF(U .LT. 1.0E-06) GO TO 20
D S TCC = AB S ( X /( U+Z ) - 2.)

3119. + DSTOC * (-873.7 - OSTOC*1469.)TU =

IF(TU .LT. 2700.) TU = 1373.
C
C UR ANIUM DIQ XIDE- - Z IRC ALOY DIOXIDE MODEL

20 TD = 0.0
IF ( YE .L T. 1.0E-D2) GO TO 30
ZOU = Z / (U+ Z )

3119. + ZOU*(-1.1303949E+03 + ZOU*1.0073297E+03)TD =

IF ( Z OU .L E . 0.55) GO TO 30
2773.6667 + Z00*51.515151TO =u

M IF ( 20U .LE. 0 88) GO T O 3 0
TD = 1.689666fE+03 + ZOU+1.2833333E+03

C
x C COMBINE BIN ARY ES TIMATES ASSUMING OXYGEN TO METAL
0 C RATIO IS MOST IMPORTANT

(YE/2.)**2s 30 W =
w) * ((Z/ ( Z +Ull * T Z + ( U/ ( Z+U ) ) * TV) + W * TDa PSOL (1.= -

= C
S
-

C ESTIMAT E UN CE PT AINTY
10. + 050. * (1. - AB S (Z - U ) )UPSOL =

* + 100. * YE * ABS (YE - 2.)
GO TO 100

c0 WRITE 900,YE
900 FDPMAT(29H 3XYGEN TO METAL RATIO ,E16.6,38H DUTSIDE RANGE OF=

# M AT PRO FUNCTION PLIQ)
STOP

C
100 CONTINUE

RETURN
END
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TABLE D-3.VII

LISTING OF THE PLIQ SUBCODE

FUNCTION PLIQtX,U,Z)

C PLIQ CALCULATES THE LIQUIOUS TEMPERATURE OF
C UR ANIUM - ZIRCAL3 Y - O XYGEN C OMP OUNDS
C

OUTPUT LIQUIDUS TEMPERATURE (K)C PLIO =

C
C X = IN PUT AT OMIC FR AC TION O XYGEN IN C OMP OUND (UNI TL E SS 8

INPul ATOMIC FRACT ION UR ANIUM IN CJMPOUND ( UN IT LE S S )C U =

C Z = INPUT ATOMIC FRACTION ZIRC ALOY IN COMPOUND (UN IT LE SS )
C
C THE LIQUIDUS TEMP ER A TURE C ALCUL AT E0 BY THIS FUNCTION
C IS B ASE D ON DATA FROM THE FOLLOWING REFERENCES
C (1)R. E. LA TTA AND R. E. FRYXELL, DETERMINATION OF
C SOL I DUS-LIQUIDUS TE MPER ATUR ES IN THE UO2+x SYSTEM
C (-0. 50 L ESS THA N X L ES S TH AN 0.2 0), JOURNAL 06 54LC -9
C MATERIALS 35 PP. 195-210 (1970).
C (2)K. A. ROMBERGER, C. F. R ATE S J R. AND H. H. STONE,

M C PHASE EQLLIBRIUM STUDIES IN THE UO2 - ZR02 SYST54s
C JOURNAL CF INGRGANIC AND NUCL E AR C HE MI S T RY 27 PP. 1619-163"

C (1966).
C (3)R. RUH AND H. J. GARRETT, NON S TOIC HIOME T RY OF ZR02 AND

f C ITS REL A TION TO TETRAGONAL-CUBIC INVERSION IN ZR02,
'

i C JOURNAL OF THE AMERIC AN CER AMIC SOCIETY $0 PP 257-261 (1966).
6 C (4)R. F. 00MAGAL A AND J . D. M PHERS ON, SYS T EM ZIR CONI UM-0 XYGE N,
I C JUURNAL OF MET ALS 5 TRANSA TIONS AIM E 200 PP 239-246 (1954).

C~

5 C PLIQ WAS CODED BY D. L. H AGRM AN OCTOBER 1983
C
C FIND OXYG EN TO METAL RATIO. ASSUME SYMMER TY ABOUT 2.0

X/( U+ Z )YE =

IF ( YE .GT. 2.23) GO TO 80
4. - YEIF(YE .GT. 2.) YE =

C
C ZIRCALOY - ZIRCALOY OXIDE MOD EL -

TZ = 0.0 J
IF ( Z .L T. 1.0E-06) GO TO 10 2
XOZ = x
TZ = 212 5. + X0Z * (1. 61215 3 7E+ 0 3 - XOZ * 5.3 216 374E +0 3 ) =
IF (XOZ .LE. 0.19) GO (0 10 :

2.1116553E+03 + X OZ* ( 1.15909 09 E +03 - X0 Z* 2. 46 21212E + 03 ) CTZ =

IF(XOZ .LE. 0.418 GO TO 10 '_
8.9507792E+02 + XOZ * 3.1168831E+03 Ji TZ =

IF(XOZ .LE. 0.667) GO TO 10 r
i <
- XOZ = 1.334 - XOZ
|

!

i
i
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TABLE D-3.VII (continued) 5
0
.F

8.9507792E+02 + X3Z * 3. ll6 8 8 31E + 03 bTZ =

C
C URANIUM - URAhIUM OXIDE MODEL -c

10 TU = 0.0 3IF(U .LT. 1.0E-06) GO TO 20 r
05 TOC = X/ (U+2) 2.0 <-

TU 3119 DSTOLsDSTOC*1.61E+03= -

IF ( TU -L T. 2700.) TU 1373.=

C
C URANIUM DIOXIDE - ZIRCALOY DIDXIDF MODEL

20 10 0. 0=

IF(YE .LT. 1.0E-02) GO TO 30
ZOU Z/ (U+ Z)=

TD 3119. + ZOU*(44.4208 20U*l.3423020)= -

IF(ZOU .LE. 0.50) GO TO 30
TO 3119. + 20U*(-1.1303949E+03 + ZOU * 1.0073297F+03)=

IF(ZOU .LE. 0.32) GO TO 30
TO 2224.2377 + ZOU * 1114.1132=

IF(ZOU .LE. 0.55) GU TO 30
TD = 3. ldO9 473E + 0 3 + ZOU *(-1.ll65869E+03 + ZOU*8.9314194E+02)
IF(ZOU .LE. 0.93) GO TO 30u

M TD 2.1444285E+03 + 200 * 8.2857142E+02=

C
C COMBINE BIN AR Y E S TIMATE S A SSUMING 0xYGEN TO METAL

x C R A TIU IS MOST IMPORTANT
0 30 W (YE/2.)**2=

g PL I Q W ) * ( ( Z / ( Z +'J ) ) * TZ + (U/(Z+U)) * TU) + W * TD(1.= -

c C
= C ESTIMATE UNCE RT AINTY
S UPLIQ = 10. + 050. * (1. - ABS (Z - Ull
~

s + 100. * YE * ABS ( Y E - 2.)
GO TO 100

eo WR I TE 900,YE
9v0 FO RM AT ( 29H 0"YGEN TO METAL RATIO = , E 16.6s 38H OUTSIDE RANGE OF

W MA TPR O FUNCTIJN P SO L )
STOP

C
100 CONTINUE

RETURN
END
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TABLE D-3.VI I

LISTING OF Tile PSLV SUBCODE

I

FUNCTION PSLVtTEMP)
C
C PS LV C ALCUL ATES THE SOLUBILjTY OF
C 1802 IN O XYGEN ST ABLIZED ZI4wALOY
C
C PSLV OUTPUT 002 IN MELT AT S ATUR ATI ON ( MOL E FR ACTION OF MELT)=

C
C RAT IO UO2 /ZIRCALOY IS PSLV/(1 - PSLV). THIS RATIO IS INFINITE
C AT 3119 KELVIN OR HIGHER
C
C TEMP INPUT TEMPERATURE=

C
C THE SOLUBILITY CALCULATED BY THIS FUNCTION

i C IS BASED ON DATA FROM
'

C
C C. POLIT IS, UNTERSUCHONGEN IN DREIST0FFSYSTEM
C UR AN-ZIR KUN-S A UER STdF F, KFK 2167 ( ).

$ C P S LV W AS CODED BY D. L. HAGRMAN NOVEMBER 1980
C
Ci

i PS LV 0. 0=x
: 3 U PSL V = 0.0
; i IF(TEMP .LE. 2103.) G3 TO 20
| 1 PS LV = 1.19143754 + TE MP * ( -1. 212 719 5 E-0 3 + TEMP *3.1857023E-07)

IF(TEMP .LT. 2673.) GO TO 10- 2
1 & PSLV = 2.0859332 + TEMP *(-1.1311691E-03 + TEMP *2.5104264E-07)

IF(TEMP .GT. 3119.) PSLV = 1. 0' -

10 UP SLV = 0.025
IF(TEMP .GT. 3119.) UPSLV 0.0=

20 CONTINUE
RETURN
END

I 3

i -

i =
! C
' 9
| 3

;
;

:
*
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