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APPENDIX A
FUEL MATERIAL PROPERTIES

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

Each material property description includes a listing of a FORTRAN 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, many are functions of burnup, plutonia content, density, time,
ard other variables.

Several of the subcodes use a physical properties subcode (PHYPRO, Appendix D, Section 1) to get fue!
melting temperatures and heats of fusion. These ard other commonly used matenial parameters are placed
in 2 common block by this separate routine and arv thus available to all other subprograms in MATPRO

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

The specitic 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 anaiysis because the severity of the transient is greatly affected by the initial stored energy of
the fuel.

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 UO3 and PuO;
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.

Equatic as for the specific heat and enthalpy of solid UO; and Pu0O; are assumed to have the same form,
but with aifferent constants. The basic equations are

"
K'H'e\mﬂvT) Y KJED
FCP = = + KT + ——-,——exp(-[:D/RT) (A-1.1a)

T lexp(8/T) - ll2 - 2 RT"

and

I(lti K, T Y
+ - ?K3exp(-k.D RT) (A-1.1b)

FENTHL = ol -1 5

where

FCP specific heat capacity (J/kg+K)

FENTHL fuel enthalpy (J/kg)

|
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T =  temperature (K)
Y = oxygen-to-metal ratio .
R = 8.3143 (J/mol+K)
[ = the Einstein temperature (K)
and the constants are given in Table A-1.1.
TABLE A-1.1

CORSTANTS USED IN U0, ARD PuO; EZAT
CAPACITY AFD ENTHALPY CCRRELATICNS

1o Pul,

Constant . i Units
K1 266.7 147 .4 J/kg*K
& 2.7 x 10~ 7.95 x 10~% J/ kg K~
Ky §.745 x 107 2.860 x 107 J/xg
o 535.2865 571.000 K

Ep $:577 2 1C 1.967 x 10- J/mol .

The specific heat capacities of UO3 and PuO; in the liquid state are given by
FCP = 503 J/kg+K . (A-1.2)

For a mixture of UO3 and PuOj, th. specific heat capacity of the solid is determined by combining the
contribution from each constituent in proportion to its weight fraction. When the material is partially
molten, the heat capacity is determined similarly with a aeighted sum. The standard error of the LO3
specific heat capacity correlation is 3 J/kgeK; and for the inixed oxide specific heat capacity correlation,
it is 6 to 10 J/kgeK. deperding on the fraction of PuO,. For nonstoichiometric fuels, these uncertainties
are approximately doubled.

inspection of Equations (A-1.1a) and (A-1.b) shows that the fuel enthalpy correlation is simply the
integral of fuel specific heat correlation from zero kelvie to T kelvin. Because the specific heat correlation
is only valid above a fuel temperature of about 300 3, the fuel enthalpy correlation is also not valid below
a temperature of about 300 K. Therefore, it is necessary to calculate fuel enthalpy with respect to a
reference temperature =300 K. Thus, the fuel enthalpy at any desired temperature, T, is caiculated by
evaluating Equation (A-1.1b) at T and at any dJesired reference temperature, TRpp. and taking the dif-
ference FENTHL(T) - FENTHL(TRgg). 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 surveyed literature. The model development is presented in Section 1.3,
Model predictions are compared with 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 Sectioi 1.7. A .
bibliography is given in Section | 8.
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1.2 Review of Literature

An important source for fuel specific heat capacity data is the extensive review by Kerrisk and
Clifton. A-1.1 Additional data from Kruger and Savage-1 -2 are used to find the parameters for PuO; in
Equation (A-1.1z). The heat capacity of liguid 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 PuOj. Their data
are also restricted to approximately stoichiometric PuO5. The oxygen-to-metal ratio has been shown to be
significant by GronvoldA-1-4 and by Affortit and Marcon. A-1.3

The specific heat capacity of liquid fuel taken from Leibowitz is upplicable to UO; only. The assump-
tion is made that the licaid UOy value is also valid for liquid PuOj. Although departures from
stoichiometry were found to be significant tor solid fuel, no experimental effort has been made to assess
the importance of this parameter in the hquid 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 Devzlopment 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
because 1t allows the identification of the physical processes involved and could be extrapolated beyond its
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 charactericed 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-1-6 The Einstein formulation is used here
because of its simplicity. This formulation is

A
Klo‘exm(i/T)

e 3 _ 2 (A-1.3)
T e po/ T) - 1)

where
Cy = specific heat capacity (J/kg+K)
K; = constant to be determined (J/kg+K).

Equation (A-1.3) gives the specific heat capacity at constant volume. In most reactor situations, the
specific heat capacity at constant pressure, Cp, is .ure appropriate. The relationship between the two
isA-1.

15

C. = C‘ + (—-3—— T (A-1.4)

11 Revised 8/81



FCP/FENTHI

where
u = coefficient of thermal expansion (K1)
[V = coefficient of compressibility (Pa-l)
V. = o ¢ lume(md)

Temperature-deper. « nee of a2V/3 in Equation (A-1.4) is complicated. The compressibility of a hquid
or a solid is nearly constant with temperature. but the molar volume and the coefficient of thermal expan-
sion change with temperature. However, expressing the quantity (C, - C,) as a function of a constant
times temperature, vields results well within the scatter of the data. phcumrc. Cp s expressed as

Ay Al S
(p (V + KzT (A-1.5)

where Cy is 2iven by Equation (A-1.3) and K> is a constant to be determined by comparisen with data

1.3.2 Defect Energy Contribution to the Specific Heat Capacity. At temperatures > 1500 K, the
specific heat caracity data show a rapid increase not described by Equation (A-1.5). This increase is
generally attribated to b+ energy necessary to form Frenkel defects. A-1.TA- LB ALY gome
mvcxligalowA"l 4A-1.8 have suggested that Schottky defects may also contribute to this rapid increase.
However, 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 Egua-
tion (A-1.5) may be found from the defect energy contribution to the enthalpy given by A-1.6

HD = K‘cxp(-E ’/Rr) (A-1.6)
where

Hp = defect energy contribution to enthalpy (J)

Ep = activation energy for Frenkel defects (J. mol)

K3 = constant to be determined (J)

and R and T were previously defined in Equation (A-1.1). Tr letermine the defect contribution to the
specific heat capacity, the derivative of Hp with respect to *_mg erature, Cpy. is used. Cpy is given by
K. E
3D

C., = ——z—exp(-E,/RT) . (A-1.7)

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

.
Klﬂ"e.\p(ﬁs n K.E
(‘p'_.z ' 2+—Kzl+ 3
T [expd/T) - 1) RT

Dcxp(~l<nfkr) : (A-1.8)

1.3.3 Determination of the Constants in the Model. For UO,, the values of the five constants Ky,
K2, K3y, 6, and Ep) are taken from Kerrisk and Clifton. For PuO;, the constants are determined by fitting
the data of Kruger and Savage. In both cases, the fuel was nearly stoichiometric. Data sources for pure
Pu0; are scarce. One potential source is the work of Affortit and Marcon. However, they give only cor-
relations fit 10 data ana not tne actua! 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
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
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, 4.

1.3.4 Effect of Nonstoichiometry. Several investigators have found the oxygen-to-metal ratio of fuel
to influence the specific heat capacit_v.A’|-"A'l-S'A“'-B-A‘l-'0 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 analysis of this effect has been done
by Affortit and Marcon. Even though their results are quantitatively different (see Figures A-1.1 and
A-1.2, made from their correlations) from sources used to develop this model, they illustrate well the
qualitative aspects of this effect. Figure A-1.1is for UO; and Figure A-1.2 is for mixed oxide fuels. These
figures show that the specific heat capacity increases as the oxygen-to-metal ratio becomes larger than 2.

Very hyperstoichiometric materials, such as U4Og and U30g, have specific heat capacities considerably
larger than that of UOZ.A"»“-A'L“ In addition, these materials exhibit peaks in specific heat capacity at
temperatures associated with phase transitions. However, the incidence of these states in light water rcac-
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-1.8 Excess oxygen tends 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 ) to account for the
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 ratio divided by 2.0, the following desirable features are produced.

1.  The correlation is unaftected 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-1.1a). This is the model
used for the specific heat capacity of solid UO3 ana PuO;.

It the fuel consists of  mixed oxide (MO;) with a weight fraction of PuO; equal to FCOMP, then the
specific heat capacit ¢ mixed oxide fuel is calculated by the expression

FCOMP) + FCPPUO’-FCOMP : (A-1.9)

-

F(PMO2 = FCPUO,“ -
If the fuel tem >erature is greater than the fuel melting temperature, FTMELT, plus the liquid-solid coex-
istence temperature, then the fuel specific heat capacity is not calculated using Equation (A-1.1a) but set
equal to the specific heat of liquid fuel, 503 J/kg<K for both UO; and PuO; fuel. If the fuel temperature is
equal to the fuel melting temiperature, TMELT, then the specific heat capacity is calculated by the
expression

FCP = (1.0 - R) FCP(T - TMELT) + R-FCPMOL (A-1.10)
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where
KR = fraction of fue! which 15 molten
FCPMOL =  specific heat capacity of ligud tuel (503 1 kg+K)

Fuel enthalpy, FENTHL, tor solid fuel is found by integrating Equation (A-1.1a) with respect to
temperature over the interval zero kelvin to 1 kelvin, The result of the mtegration is the expression
k|v K,1!
¢
exp(e/ 1) - 1 2

3

FENTHI

4 y l\‘ expi-l

Al
.

“RH (A1.LD)

Figure A-1.3 shows the enthalpy of UO» versus temperature caleulated using Equation (A-1.11)

It the tuel consists of a mixed oxide with a weight fraction of PuOs equal to FCOMP, then the enthalpy
of the mixed oxide tue! 1s calculated by the expression

. y ! 8 ! ) Y
llNlHlM“’ IINlHIl,“’H FCOMP) + H.'\IIHI'”“‘ FCOMI (A 1.12)

- -

It the fuel temperature is equal to the fuel melting temperature, FIMEL T, then the tuel enthalpy s
calculated by the expression

FENTHI FENTHI(] FIMELTY + FHEFUS<FACMO | (A1 1Y)
where

FHEFUS heat of tusion of the fuel () kg)

FACMOI fracuon of the tuel that 1s molten (umtless)

It the fuel ten. perature, FTEMPT, is greater than the fucl melting temperatuie, then the tuel o u!h.llp\ 15
calculated by the expiession

FENTHI FENTHIL(I FIMELT & FHEFUS « (FTEMP - FIMELTsFCPMOI (A-1.14)
where

FCPMOI specific heat capacity of molten fuel (1 kgek)
1.4 Comparisons of the Model with Data

Frgure A-1.4 shows the specific heat capacity correlation, FCP, tor UOy compared with data from thre
sources A TAA-LIZ ALY Thege data were taken from stoichiometric | 3. At the high end of the
temperature interval (a few hundred kelvin below the meiung temperature), the data tall below the model
calculations, (Probably the result of partial melting due to a nonuniform temperature distribution within
the sample.) For example, the measured specitic heat capacity would be smaller because the soecilic heat
capacity in a hquid 1s considerably lower than in a solid, A similar companson s shown in Figure A-1.5 for
PuOy. In this instance, the correlation is compared with its own data base This was necessary due to the
lack of a broad data base tor Pu( )3 fuel. A better test of the accuracy of the model is found by comparing
its predictions with mixed oxide data A LS ALIOA-LIA o0 shown in Figure A-1.6. Nonie of the data
shown in this figure were used in the development of the model. The agreement is relatively good except tor
the low values repo ted by Aftortt and Marcon. Other experimenters ALLALT0 have pointed out that
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Figure A 16 Specific heat capacity of (Uo UP“O 2)02 from three experimenters compared with the FCP correlation
(solid line) for mixed oxides

the results of Affortit and Marcon are generally low when compared with their data and have excluded the
Affortt and Marcon measurements from then Jata base. No one has proposed an adequate explanation
for the discrepancy. On the other hand, at least one investigator A-L9 has given considerable weight to the
work done by Affortit and Marcon. Herein, the Affortu and Marcon results are used only in the analysis
of the effect of departure from stoichiometry on the specific 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 betier test was found by comparing the correlations with data not used during their development
I'he UO3 and mixed oxide fuel correlations are analyzed separately in this section.

1.6.1 Uncertainty in UO3 Modei. Kcrrisk and Clifton report an accuracy of 4 3% for their correlation
over the temperature range 300 o 3000 K, with an approximately uniform distnbution 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.

1.56.2 Uncertainty iri the Mixed Oxide Model. Because of the imited number of data for PuO,, the

accuracy cf the correlation for mixed oxide fuel was used as a test for this correlation. Data were taken
from Leibowitz, A1 14 Gibby, A-1-10 and Affortit and Marcon. The model presented in this paper, using a
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weighted sum of the UO7 and PuOj results, calculates s, .cific heat capacities that are slightly larger than
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 neghy vle; <1.0 J/kgeK. 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 smalier value and the residuals increase with increasing temperature,
as with the UOj 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 Enth~lpy
Subcode FENTHL

A listing of the FCP subcode is given in Table A-1.11, and the FENTHL subcode in Table A-1.111. 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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TABLE A-1.I111

LISTING OF THE FENTHL SUBCODE

sz alzizsls sz nisizissinastiaaisiitisalsisaiala’'alalafTelalelelsl ol

FUNCTTON FENTHL (TEMP » FCOMP »FOTHTL s FTMELT » FACMOT
1 » FHEFUS )

IMPLICIT REAL * 8 (A=H»3=1)

L R R R R R R R A R R R A A A L L

THLIS FUNCTION IS CALLED B3Y SUBROUTINE ENcRGY AND COMPUTES THE
2;;5&:;U22 FUEL AT A POINT RELATIVE TO ZERO OEGREES A3SOLJTE
c

R
INPUT ARGUMENTS
e L R
FACMOT = FRACTION OF MJULTEN FUEL
FCOMP = PUDZ2 FRACTION OF THE FUEL A
FHEFUS -~ HEAT OF FUSSION OF THE FUEL (J/KG)
FOTHT% = FUEL OXYGEN TO METAL RATIO
FTMELT = FUEL MELTING TEMPERATURE (K)
TENP = LOCAL TEMPERATURE (X)
L L L

qutTPuUT
R R R R R R e A R R A R R R R S

FENTHL = LOCAL FUEL ENTHALPY RELATIVE TO ZERO DEGREES=-K (J/KG)
T

FENTHL WAS CORIGINALLY CODED BY Gu.As BERNA IN NOVEMRER 1979
IT wAS UPDATED BY LeJde SIEFKEN IN DECEMBER 1979

FURTHER UPDATED BY GeA. REYMANN IN FEBRUARY 1980

FCPMOL = SPECIFIC HEAT CAPACITY OF MULTEN FUEL ( J/7(KGe*K) )
DATA FCPMOL 7 503.E0 /

THE FOLLOWING DATA STATEMENTS CONTAIN CONSTANTS FROM MATPRO=-11 FCP

'DATA ClUs C2Uy» C3U» THU» EDU / %gg.3&5' f ; EEOZ- B.745€E07»
DATA C1PU»C2PUsC 3PUsTHPUSEDPU 7 3RT 4 ) 3 056-04s 3.860E07»
' 57120 » Le96TEQS 7
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TABLE A-1.1II (continued)

THE FOLLUOWING EQUATION IS THE INTEGRAL OF THE FUEL SPECIFIC HEATY
WITH RESPECT TD TeMPERATURE

CPOT(CLsTHIC2sO0TMIEDSTHCY) =
’ CleTH * ( l. / (EXPITH/T)=1l4))
. ¢ EES* F .6 ¥F.2 24%8
2 ¢ C3 & OTM & EXP(=ED 7(T * B,314E0) )/72.E0
TX=TEMP
TFITX.GT.-TMELT )T X=FTMELT
FENTHL = CPOT(CLU » THU »C2U p FOTMTL »EDU
. o TX eC3IU }  { 1.0 = FCOINP )
IFC FCUMP .6T. 0.EQ DFENYH% = FENTHL ¢+ C’DT(glPU 2 THPU
. »L2PU »FOTHTL »EDPU » TX »C3PU )*FCOMP

IF( TEMP JLE. FTMELT
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1C0 CONT
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- 2.EC ) G0 TU 100
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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 U3 and (U, Pu)O;
fuels. This property and the closely associated models for the effect of fuel cracking on temperature
disinbutions 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 FTHCON subcode determines the fuel thermal conductivity and its derivative with respect to
temperature as a function of temperature, density, oxygen-to-metal (O/M; ratio and plutonium content of
the fuel. Burnup 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 a.a gas conductivity which increase pore conductivity at high
temperature. The thermal conductivity of liquid fuel has been estimated from physical considerations
hecause no data for the conductivity of molten fuel have ceen found.

With the exception of minor modifications made to ehiriinate discontinuities in slope in the temperature
range 1364 10 2300 K, the expression used to model thermal conductivity of solid fuel 1s
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where

thermal conductivity (W/m+K)

fraction of theoretical density (unitless)

Cy = phonon contribution to the specific heat at constant volume (J/kg+K). The first
term of the MATPRO correlation for fuel specific heat capacity 1s used for this
factord

¢h =  linear strain caused by thermal expansion when temperature is > 300 K (unitless).
The MATPRO correlation for fuel thermal expansion is used for this factor

1 = fuel temperature (K)

T" = fuel temperaturs it <1364 K. For temperatures > 1834 K, the porosity factor,

D

1 + (6.5 -0.00469T ) (1 - D)’

15 equal to 1 and for temperatures in the range 1364 to 1834 K, the factor is found by

interpolation as ¢xplained in subsection 2.3
" = fueltemperature if <1800 K. For temperatures > 2300 K, T " is equal to 2050 K and ‘

for temperatures in the range 1800 to 2300 K, 17 is found by interpolation as
explained in subsection 2.3

A = a factor proportional to the point defect contribution to the phonon mean free path
(mes/kg). The correiation used for this factor 15 0.339 + 11.1 x absolute value
(2.0-0/M rauno’

B = a factor proportional 1o the phonon-phonon scattering contribution to the phonon
mean free path (mes/kgeK). The correlation used for this factor is
JO6867 x (i + 0.6238 x plutomum content of fuel)

The first term of Equation (A-2.1) represents the phonon contribution 1o specific heat, and the second
term represents the electronic {electron-hole) contribution. The expression is valid only in the range 90 to
100% of theoretical density. When the fuel is molten, the first term is neglected.

The expected error of the thermal conductivity model has been estimated by computing the standard
error of the model with respect 1o its data base. For stoichiometric UO» samples, the standard civor was
0.2 (W/m+K) and for stoichiometric (U, Pu)Oy wich 2% Pu, the standard error was 0.3 (W me«K). On the
basis of these results, the following expression is used to calculate the expected standard error of the
t.ermal conductivity of the solid fuel

UK = [0.2(]1 - COMP) + 0.7 COMP] x (1.0 4 2-OTM 1) (A-2.2)

a. The analyucal expression for C as a function of temperature, T, and plutonium content, COMP, 15

296 7418 2" I:-\ 33 :“)] {1 COMP)| + [«'\r{:'rl-)]( OMP .
: l‘(——'f— d

cnr“—f—*’”"s‘ !
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TABLE A-4.1
¥ Lo A2 0L B

PARAMETERS USED IN UCs AND PuQs SOLID PHASE
THERMAL EXPANSION CORRELATIONS

Constant "702 "””2 Units
K 1.0 x 1072 9.0 x 1076 k-l
Ko 3.0 x 103 2.7 x 1073 Unitless
K1 5.0 x 1072 7.0 x 1072 Unitless
Ep 6.9 x 10-20 7.0 x 10~20 J
where
{L(Tm) = thermal expansion strain of solid fuel from Equation (A-4.1) with T = T,
0
Tm =  melung temperature of the fuel (K)
FACMOT =  fract: n of the fuel which is moiten (unitless)

FACMOT = 0.0—fuel all sohd
FACMOT = 1.0—fuel all molten.

The correlation used to describe the expansion of enurely molten fuel is

Al AL -5
— U — 1 & % -
r (Tm) + 0.043 + 36 x10 [T (Tn. + Aim)) - (A-4.3)

0 0

The solid to liquid phase transition is isothermal only for pure UOa or pure PuOj3. For (U,Pu)O,, the tran-
sition occurs over a finite temperature range, denoted in Equation (A-4.3) by AT .

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 + o 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, FTHEXP, and the
references, respectively.

4.2 Review of Literature

Data were taken from nine sources or L’()z."\““‘—"""‘»9 and two sources for Pu()z.-‘\ 4.3,A4.12 gor
UO3, the data cover a temperature range from 300 to 3400 K; and for PuOj, fiom 300 to 1700 K.

In four of the UOy cxpenmems.“\""l'-‘\“‘-z"\“‘ 8,A-4.9 X _ray measuring techniques were usea. [his

type of measurement gives the change in the lattice parameter rather than the bulk thermal expansion.
. » 9 N A -
Several mvcsugalorsA“‘---'\ 4.10,A-4.11 have noted that the change in the lattice parameter is

48¢ Revised 8/F|



FT. “XP

appreciably smaller (han the bulk thermai expansion measured using diiatometric Or interferometric
methods, especially at u"h ( »1000 K temperature. in general, the difference 's atiribu'ed to the creation
oi Schottky defects, V4.2, A-4.10, A41T yooh and MominA 49 obtained results where there was no
discrepancy between tneir X-ray results and bulk results. However. “he hulk of the Jata support the
Schottky defect idea since the X-ray data consistentiy iall beiow the cthers at high temperatures, where
defects begin 10 appear in large numbers. Therefore, X-ray data were used 1n the data base only at low
temperatures (< 800 K.

4.3 Model Development

While most authors simply fit their data with a polynomial, 1n 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 Zcmansky.’\“‘- 13

AL = lol'(x (T - TOD (A-4.4a)
or
ié_”‘l; =K T-KT, (A-4.4b)
where

Kl = the average coefficient of I:near expansion ‘K1)

To = areference temperature (K)

l,” = length at refere~ce temperature (m)

at the reference temperature Al = 0 orequivalently L = | 8
T'he low temperature (<800 K) data were fit by the method of least-squares to a generalized form of
Equation (A-4.4b).

i—-’ = I\‘l T- K;. (A-4.4¢)
‘o

This fit was done separately for UO; and PuO; and the coefficients K; and Ky for each matenal are
histed in Table A-4.1. The numbers in the table have been rounded off to two sigmificant figures
Comparison of Equations (A-4.4b) and (A-4.4¢) shows that T, = Ky/K;, which for both fuels is 300 K, a
temperature 'ypical of the reference temperatures where AL = 0 in the data bases. These correlations
describe low temperature thermal »xpansion within the daia scatter

4.3.2 High Temperatus¢ Thermal Expansion.  For both UO5 and PuOy Fquation (A-4.40) was imade-

quate at hizher temperatures (T > 1000 K), most hikely due to the toriation ef Schettky defects. Frenkel
¥ : b

jefects will aiso be present, but should have no measurable effect on the thermai expansion A-4.2, A-4.9

" » Y - 3
“he contnbunion from Schottky defects should be directiv proportiionai to their concentration™4-< which
“
< given by 42 A4 14

.;’ = Kyexp (-Exry kT) (A-4.%5)

-

Y
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6.1 Summary

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

Al a transition stress (oy}, 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

o, = 1.6547 x 107 /6" (A-6.1)
where

o, = transition stress (Pa)

G = fuel grain size (u).

The creep function is dependent on an Arrhenius type activation energy. T'is energy is found to be a
function of the fuel oxygen-to-metal ratio (O/M). Increasing the O/M ratio i creases the creep rate, all
other things being constant. The activation energy below the transition stress is given by

(), = ]7884.8 C\p[ﬂ“—\'—z_% —8] + 1 3 + 72124.23 (A-6.2)
where

Q = activation energy (cal’/mol)

X = oxygen-to-metal ratio.

The activation energy of UO; abcve the transition stress :

; -20 i i
Q: = 19872 C‘(P[I'm~ 8] + 1 + 111543.5 (A-6.3)
whr it
Q2 = activation energy (cal/mol)
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9. FUEL PRESSURE SINTERING (FHOTPS) (R. E. Mason)

Urania or mixed oxide fuel pellets densify when exposed to sufficiently hig: hydrostatic pressures
(pressure sintering), high temperatures (thermal sintering), and irradiation. This 1>port 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 densificaticn in a reactor environment is a function of temperature, stress, and irradiation
Temperature and stress densification mechanisms are driven by a stress, P, expressed by

Pzpc'Pi+'a' (A-9.1)
where

Pe = external hydrosiatic stress (Pa)

P; = internal pore pressure (Pa)
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Y = surface energy per unit area (J/m?)

a = grain size (m).

Pressure sintering is the dominant densification process if the stress (P - P;) is much larger than the sur-
face energy stress, 2v/a. Densification of in-pile fuel will be dorainated by an external hydrostatic stress,
P, when present, because the internal pore pressure, Py, and the surface energy stress, 2y/a, are generally
much smaller than the externally applied stress. Over an extended irradiation period and at zero P, the
internal pore pressure, P;, could cause fuel swelling and the surface energy stress could cause some fuel
densification. However, these changes in fuel volume are small compared with densification caused by
applied stress and are not considered in the development of the PHOTPS model.

Equation (A-9.1) does not include an irradiation related driving stress. It is assumed that the irradiation
densification driving stress wouli be added to the right side of Equation (A-9.1). Since the irradiation den-
sification driving stress is a lincar term, it is treated independently as a separate model (the FUDENS model
of MATPRO 11, Revision 1). The values calculated with the FUDENS model should, therefore, be added
to the FHOTPS 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 inciude some pressure sintering effects so that
combining the two model outputs may be conservative. There are no in-pile data available that wil! allow
separation of these effects,

A lattice diffusion creep equation was fit to the data of SolomonA-2-1 10 give the equation used for
urania in the FHOTPS model

V4o _ 48939 ('--‘--ﬁ)z.7 P exp@ /RT) (A9.2)
o d e TG . u o
where
here

t = tme (s)

I = temperature (K)

G = gramn size (um)

R = R8.314 (J/mole+K)

Qu = activation energy (J/mole)

= fraction of theoretical density (vnitless)
P = hydrostatic pressure (Pa).

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

-1
) - & log(x - 1.999)
= GO » 0 36294, 9.3
Qu R{ \r{}‘ Tl - 1.999) + IA] + 36294 4 (A )
“;A- £
X = oxygen-to-metal ratio.
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. : ; - - 2 5 Q9
The lattice diffusion creep equation was fit to the mixed oxide data of RoutbortA-9-2 (o give the mixed
oxide fuel pressure sintering equation

3 9§
I dp 711 - oV P 450000
- = — AY4
pa(— 1.8 x 10 ( > ) }r(jzexp T . (A )

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 rate. 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 mod=s 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
theoretical constants of L. Oy were used by RoutbortA-2-2 (o determine the most probable dominating
(contributes the highest uensification rate) mechanism under reactor operating conditions. These equa-
tions, their use, and the pablished experimental data used to develop the FHOTPS model are described in
this section.

9.2.1 Creep Densificatior. Several distinct mechanisms are observed that contribute to fuel densifica-
tion. These are latuce 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, depew ‘ing on the
grain size stress-porosity-temperature conditions. There is no single mechanism that will always dominate
the densification process. Therefore, an equaiion representing each mechanism is presented to indicate the
densification parameter dependencies possible.

Pressure sintering by grain boundary diffusion creep (grain boundary acting as a diffusion path) is
usually dominant at temperatures less than one half the melting lempcralurc"‘"’-3-’\'9"‘ The densifica-

tion rate by grain boundary crecp is expressed by

45 6 DbQ

g—,p - 3 P 13 (A-9.5)
kT b 1 - (1 - p)
where
& =  grain boundary thickness
Dy =  grain boundary diffusion coefficient
() = atomic volume
o = fraction of theoretical density
1 = lune
T = temperature
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e = applied stress
k = Boltzman's constant
b = grain size d

Pressure sintering by grain boundary diffusion creep can dominate only if the grain sizes remain small,
s0 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. Densification by lattice diffusion
creep is expressed by

d Jl)\ QP
If? T S (A-9.6)
kT b™
where
D, = lattice diffusion coefficient.

This equation is used to calculate densification by vacancy flow from the surface of a pore to sinks on
nearby grain boundarics. A9-3

Pressure sintering by power law creep can dominate at high fuel temperatures or pressures. Densification
by power law creep (dislocation creep) has been derived by Wilkinson and Ashby A-9.4 and by Wolfe and
Kaufman.A9-5 The densification rate equation is

do . SA 0) o(l - p) (sp)"

BT T n{ \Zn (A-9.7)
I/n
1-(1-p)
where
S = sign of pressure
n = stress and porosity exponent
A = constant
Q =  power law activation energy (J/mole).

Equation (A-9.7) assumes steady state creep and densification independent of the grain size, and 1s 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 effective particle radius is the grain size. This s consistent with the
mode! that is based on the assumption of about one pore 10 every grain in the compact
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Oifp 21 -exc(%:—)
dp y

x " (A-9.8)

: ip
®if p < l-ex;ﬁ;)

where
p = fraction of theoretical fuel density
oy = yield stress.

Densification by the plastic flow mechanism is assumed (o occur mstanlancously.’\'g'3

The stress dependency of the above equations have been shown by Rossi and Fulrath,A-%.6
McCelland, A9 Fryer.A'9~s and WolfA-9-5 10 be dependent on the applied stress and the fuel porosity.
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
been proposed by the above authors, but the porosity-dependent function of I-‘r_\'cr““g-8 is the most
generally accepted effective stress-porosity-dependent function. The form of Fryer’s expression is

\ n
P = (_"> (A-9.9)
p

where
P =  effective stress
p =  fractional density
n = L0

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 MPa,
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 SeltzerA-9-9,A-9.10,A-9.11 (4 strongly influence the activation energy and thereby drastically
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

1dp _ Af1-0\"_P
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where
A = constant
Q = activation energy.

9.2.2 Pressure Sintering Data. The model presented in Section 9.1 is based en data published in the
open literature that deals with finai stage sintering o1 urania and mixed oxide fuels. The models are based
on the urania pressure sintering data of Solomon \-9.1 and the mixed oxide pressure sintering data of
Routbort. A-9-2 Other data are used as comparison data, but fuel resintering data or final stage sintering
data are used because these data most ciosely resemble what is occurring in a reactor. Measurement techni-
ques and urania and mixed oxide data published in the open literature are presented in this section.

9221 Measurement Technigues— Immersion density and specimen length changes are used to obtain den-

sification data. Immersion density is the more accurate t_chniguz, but only the initial and final densities
are obtained. Densities from specimen length chanees provide time-density data and are calculated by

{ 3
£ =(7f-) (A-9.11)
Py

where
P = imitial fraction of theoretical density (unitless)
pf = final fraction of theoretical density (unitless)
f = final length (mm)
{ = imtial length (mm).

Density charges determined from length change measurements have, however, several inherent sources of
error. The most crit.cal error 1s the apparent length change caused by the test sample seating and changing
alignmen? durirg the iniual densification. This strain error is highly variable and only affects the initial 1 to
2% of sample densification. Creep (nonvolumetric strain) of the sample and loading column is also a
source of error. Routbort, however, measured final somple immersion densities and final densities from
length change calculations and found only about 5% difference between the two techriques.

9222 Urania Densification Data— Pressure sinmering data of UO> fuel have been published by
Solomon.'\"“-l Kaufman,A'9-l2 Amam,A'q'” 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 UOj fuel pel's  hat were thermally sintered a1 1783 K for
1 h to obtain pretest sample densities between 92 and 94% 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 preiest samples were obtained with an accuracy of +0.5%. Sample
integrity was maintained by slowly ramping to the test temperature (1673 K), ard then cycling tarough
various temper sture-pressure test combinations. Experimental temperatures are reported to be accurate to
within +1 K and pressures are accurate to within 0.1%. A summary of experimental conditions is pro-
vided in Table A-9.1. The pressure sintering tests of Solomon indicate that (a) significant densification
vecurred prior to application of pressure, (b) internal pore pressures were possibly influencing the den-
sification rate, (c) pressure sintcring rates are approximately linear with applied stress (o103 10 01-2), and
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Vo =  imtial volume
Vi =  volume of the mass, g, at theoretical density
Al = time step.

Eliminating g and multiplying denominator a.ad numerator by Vi gives

I dp o ¥ 1
- =V / 1
¥ 3 \_l -V-v—“ m (A9.11)

Assuming that V¢ & V, then Equation (A-9.13) relates a densification strain rate (0 a volume strain rate
of

vto (L Yo\

\ = 9
P Y At s
O

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

| AY Ai )

- R g v 915

IV Al WeE
o O

Equations (A-9.2) and (A-9.4) must be used with caution because the models are based on very limited
data. Both 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 sizes possible 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 hisung of the FHOTPS model described above
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10. FUEL RESTRUCTURING (FRESTR) (R. E. Mason)

The morphology and structural integrity of oxide fuel changes while power is being produced in water
reactors. These changes are a function of time, temperature, burnup, anc energy density. These structural
changes affect the effective fuel thermal conductivity, fuel swelling, “ission 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 which 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 10 calculate equiaxed grain size, columnar grain size, and regions of
fuel shattering during normal or transient reactor operation. Grain growth is driven by a potential
difference across a curved grain boundary or by a temperature gradient but the growth rate 1s controlled by
the motion of impurities at the grain boundaries. Since impurities and migration mechanisms are probably
the same in UO3 and (U,Pu)O3, the model described in the following paragraphs is assumed to apply for
both fuel types.

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

1.0269 x 10713 t exp (-35873.2 1/4

= (21.0- 5.746 x IOI"(‘(B)Z T ? fo' il
where

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

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

t = tme interval (s)

j i = temperature (K)

B = burnup (MWs/kg).

The standard error of Equation (A-10.1) with respect to its data base is + 8.4 x 10°6m.

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

¥ 49.22VT exp (-44980/T)

Vv
T2

(A-10.2)

where

<
"

rate of pore movemen!t (m/s)

vT = temperature gradient (K/m)

-
1

temperature (K).
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- . %
D = diffusion coefficient for the isotope in fuel (Cin=/s), this constant is calculated by the
subrovting from the input maximum temperature

a = diffusion distance for gas release (cm), this constant is estimated by the subroutine
from the input fuel density

t = tir«e since the beginning of irradiation (s)

For the shoit-lived iodine and cesium isotopes produced in quantity in light water reactor fuels (I-131,
1-132, 1-133, 1-124, 1-135, and Cs-138). the expression used to predict the quantity of the isotope available
in the steady siate condition 1s

1 .
— /DA,
a i

i (;r‘/l))\l . Al)x

AB
i Al

(A-13.2)

32 x 10 ;

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

AB = burnup during the step considered (MWs/ kg fuel)

At = duration of the burnup step considered (s)

Y; = fission yield of isotope i (atoms of ith isotope/ tission)
M; = mole weight of the isotope (kg/mol)

\j = the decay constant of the isotope (s'!).

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

D=66x10" exp(-"‘%‘ﬂ‘-) for T > 1134.054 K
D =10 for T < 1134.054 K (A-13.3)
where

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

T 72 the current fuel temperature when D is used in Equation (A-13.2).

The dirfusion distance, a, in Equations (A-'3.1) and (A-13.2) is obtained from an empirical fit to measured
values of effective open surface areas per volume of fuel as determined from gas absorpuon experiments,
The correlation is presented in Sectiop 1?25,
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The basis for the modei 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 1s provided in
Section A-13 4,

13.2 Development of the Model

At fuel temperatures above 1000 K. gascous fission products become sufficiently
mobile to migrate out of the l7(): lattice 1n a complex series of prmc“c\"‘\'l 3.2, A-13.3]
In the simplest useful approach to mode! 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 U0, lattice,
arid the surface arca per tuel volume (or. the effective radius of the spheres) is estimated
from gas absorption measurements. This simple approach has been adopted to model the
release of cesium w.d iodine to the fuel rod gap because a more sophisticated treatment of
the diffusion process is not justified without including complex chemical effects. Exact
models for the amounts of cesium and 1odine in the rod gap would require consideration of
the chemical interactions of cesium, 1odine, zirconium, and oxvgen as well as the details ol
the diffusion and gas release mechanism

13.2.1 Derivation of the Mathematical Expressions. The equation which describes
[A-13.3, A-13.4]

the release of stable or long-lived isotopes by diffusion is

i P4 df (A-13.4)
-— = UV 7 + Y — .
t = ot Y g
where
n = number of atoms of an isotope per unit volume of fuel
(atoms,m3l

t = time (s)

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

Y = fiss ua vield of the 1sotope (atoms of isotope/fission)

4i = fie.on rate of the fue. [(atoms fissioned/m?)/s]. deter-

dt nined from the burnup rate.

, f . . ‘
Since Y % 1s the production rate of the isotopes, the fraction of the 1sotopes released

from a sphere of radius “a” (a = diffusion distance for gas release) islA-13.3]

R=— 0 " " arla (A-13.5)
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The quantity of interest for finding the escape rate coefficient (v) s the ratio, F, of
the 1sotope release rate to the isotope production rate, This ratio for a sphere of radius a is
2 i
4na” (-D =5)
F = — WG .
4”-a3 v df - (A-13.12)
3 dt

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

- 3
resultant expression il A-13.3]

F =30 (32)
7 L\'D

a

1/2 1/2

2
catl) (8 ) ¢ ) ) (A

- b -
For Aa= >> 1.0. F.quation (A-13.10) reduces to the form used in the model described here

D
i a3 ‘/D, (A-13.14)
a A

The :atio, F, of the isotope release rate to the isotope production rate may also be

3.1

written in terms of the escape rate coefficient

F=2N
y dAf V (A-13.15)
dt
If the steady state form of Equation (A-13-9) is used to find an approximate expression for

N when A >> p, and if the resultant expression for N is substituted into Equation (A-13.15)
one finds

A (A-13.16)

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

3 [~
‘33 JD' (A-13.17)

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

Substitution of the approximate value of » from Equation (A-13.7) into

Equation (A-13.10), conversion of the fission rate de to a burnup rate, and conversion of M
at

to kilograms of isotope per m3 of fuel results in Equation (A-13.2). This equation is the one
used in the model for the release of the short-lived isotopes of cesium and 1odine.

13.2.2 Correlations for Material Constants Used in the Model. 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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The correlation for the diffusion coefficient used with the model [Equation (A-13.3)) is the smarical
expression recomeiended by Belle on page $12 of his review M4 Recent results have no
because improved values for the diffusion coefficient ar»
developed for the modeling of Xe and Kr can be adopted to provide sigmificant improvement of the b

expressions for the release of cesium and 1odine

Ihe correlation used for the ditfusion radius 1n cm |

a Wiy 1o

where

o

Fhe expression s

[2061 - TIX67 9 - 4611

fractional fuel density (ratio of actual density to theoretical density)

are estimates based on eas absorptiion measurement

0

" T §r I I

Fig. A 111 Surface area per unit volume recommended by Belle
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as Figure A-13.1 of this report

LN | ¥ R

(A-13.18

I he data

—

— —

amply not relevant until the improved techniques

dasi

)

taken from the coirelation for free surface arca per unit volume recommended in
Figure 9.18 of Belle's review A-131.4 Belle's figure s reproduced



FVAPRS

KiukkolaA-14.37 ysed emf measurements from galvanic cells to obtain diatomic vapor pressures over
urania. Vapor pressure measurements of urania at compositions of UOj g to UOj g7 were oblained at
temperatures between 1073 and 1473 K. Here again, only those data points with urania O/M ratios less
than UOj () were considered.

Markin and Bones™~14.38 ,sed emf measurements of urania with O/M ratios between 2.00 and 2.003 in
a high temperature galvanic cell. Diatomic oxygen pressures of urania between the temperztures of 973 and
1673 K were investigated. The O/M ratios were controlled and determined by coulormetric titration of
oxygen ions using NiO 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 effort.

AukrustA-14.39 getermined 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 Oy/Ar gas mixtures and O/M ratio measurements. Data were obtained at temperatures
between 1373 and 1673 K. They report O/M ratios accurate to within +0.0002 and the logo PO2 accurate
o +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 Hunt, 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 und 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

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 obeving the law 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 areA-14.12

LOZ(J) e UO(S) + 3 ) O 2g) + "()(g) (A-14 8a
UG gy e 200, + %0, +20 + Ly (A-14.8b)
28) 2 2p) 4" 20 "2 T 2 (B SR

1 1
104 4 o =4 ! v
"Oz(m —_—— 3 U()(g) + 3 l.()}(!“ (A-14 8¢)
, RO s 1 .
; I 2 &
UO(B) B e L;()(gi (A-14.80)
.’U()z(d)——" (UOZ’Z(Q) (A-14.8g)
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where the subscript, 3, denotes the material is in the solid or liguid phase, and g denotes the gas phase.
These 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 »

"U;,z > Py > PUO;- where P is the vapor pressure. At about 3000 K, the order of partial pressures is

P U0y = Puo > Pyo, = Py: and at temperatures >3500 K, the partial pressure crder is Py, >

Puo, > Puo > Py. The oxygen partial pressure at all temperatures i, generally much smaller than the

comb%ned vapor pressure of the actinide oxides.

For piutonia, the chemical reactions are similar to those oi urania

l - ) .
PuO,, ., e ) a ( -14 .9¢
u 2A8) Pqu) . = 02(8' + a )(g) (A-14 9a)
| {2 - la 1
ey, - -14.9b
PuO, o) == 3 PuO,, . + (5 )()318) + 570, + 3P, (A-14.9b)
1 |
Puozw) . TPUO(S) . -z—PuOS(g) (A-14.9¢)
PuO,, , =—» : Pu  + -Z-PuO (A-14.9d)
28) T % T3 3g)
+ .
TN ] -14.9¢
Pu( 2AB) Pqu(g) + t(g) (A-14.9¢)
- -
Pu()(m PuO(g) (A-14 90)
2PuO, , == (Pu0,) (A-14.9g)

2(9) 22,

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

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

d(‘nd = d(ig (A-14.10)
where

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

dG, = change in Gibbs free energy for the gas.

B

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

d(jd ="ddp'5

dG =V dp-S dT (A-14.12)
g 8 2 ‘
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15. FUEL VISCOSITY (FVISCO) (C. S. Watson and D. L. Hagrman)

The function FVISCO calculates the dynamic viscosity of uranmium 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 range of
temperatures where liguid and solid UOj can coexist are not modeled. Also, the model does not cons.fer
any possible contamination of the molten uranium dioxide. Uncertainty estimates are provided based on
the data used in the model.

15.1 Semmary

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 the oxygen-to-metal ratio and
plutonium dioxide content are not used in the current correlations for viscos ty.

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.
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The equation used io model the viscosity ot completely Bquified fuels 15

np= 123 102.200x10%1 (A-15.1) ‘ |

where

L)

L}

1 temperature (K)

]

dynaniic viscosity of the liquid (Paes)

For solid uranium dioxide, the viscosity is modeled with the expression
4. g
n, = 138 exp{4.942 x 10°/T) (A-15.2)

where
ng = dynamic viscosity of the uranium dioxide for temperatures below melting (Pass)

In the temperature range where liquid and solid uranium dioxide phases can both exist, the viscosity 1s
modeled with the expression

y = "s“ -0+ " f (A-15.3)
where

n = dynamic viscosity of the liquid-solid mixture (Paes)

r = fuel fraction that is iquid (unitless).

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

U=nAll + |Y-2) (A-15.4)
where

U =  estimated uncertainty (Paes)

A = 0.33 for temperatures above melting

0.67 for temperatures below melting
Y = oxygen-to-metal ratio of the fuel (unitless).
Details of the development of the fuel viscosity 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 provided in Section 15.5.
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15.2 Fuel Viscosity Data

. Viscosities for solid UO3, U003 gg, and UOj g have been reported by Scott, Hall, and Williams A-15.1
Viscosities for the nonstoichiometric oxides are lower than the viscosity of UO;y at corresponding
temperatures and could be measured over a sufficient range to establish the following relation for
nonstoichiometric UO;

5 - Aexp(-B/T) . (A-15.5)

where A and B are material constants. The viscosity of UOy was determined to be 2 x 1041 Paes at 1923 K
and 1o be in excess of 1017 Pass at 1273 K.

Viscosity data at much higner temperatures were obtained by Nelson A-15.2,A-15.3 oy early measure-
ment (0.145+Pa s at a temperature of 3028 K) was reported to correspond to incomplete 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.? 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 1o be completely liquified.

Two useful sources of data with completely molten uranium dioxide are available. Tsai and
OlanderA-15.4 published data from two samples, and W’oodlcy'A' 15.5 published more extensive data from
a single sample. The data are tabulated in Tables A-15.1 and A-15.11 and plotted in Figure A-15.1. The

TABLE A-15.1

U0, VISCOSTTY DATA FROM TSAI AMD uLANDERA=15.4

Temperature Viscosity
(K) _(Pa®s)
Sample 1 3153 0.00583
3153 0.00739
3153 0.00594
2333 0.00514
3113 0.00628
3113 0.0068¢
5173 0.00762

Sample 2 3083 0.00921
1188 0.00869
3188 0.0077
3138 0.0078)

3328 0.00602
3328 0.00602
3328 0.00765
3248 0.00808
3248 0.00682

a. The melt temperature for UO; 's given as 3113 K in the PHYPRP subcode of the MATPRO package
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Figure A 151 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
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 no« been considered (oxygen-to-
metal ratio, for instance)

15.3 Model Development and Uncertainty

The correlation for the viscosity of UUj 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,
Hall, 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 liguid 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 (Equatior A-15.5) was not used to correlate the liguid 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
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2

0, = 1.09 x 10 -z.mnu"’r . (A-15.6)

The data of Tsai and Olander yielded the following correlation

2

1= 1605107277 0w (A-15.7)

The viscosities predicted by Equations (A-15.6) and (A-15.7) are compared with the data in
Figure A-15.2. By inspection of this figure, it was concluded that the besi mathematical description of the
difference in the viscosities measured for the different lots of uranium dioxide is to assume that the
viscosities of the two different lots differ by an additive constant

In order to recognize the more precise measurements of Woodley, vet account for the probable lot-to-lot
variation 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 slope of the correlation match the slope obtained from the data
Woaodley. The resultant correlation for the data of Tsai and Olander 15

2 6 .
lv('-= I x107-209x10 T . (A-15.8)
10 T . SR T s | 1
.
B
8 L =
- ——— . . » .
- e Equation A-15.7
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Figure A 1562 Data from uranium dioxide samples compared with least squares fits
4. The interpretation corresponds 1o the assumption mentioned at the end of Section 15 2, the difference in viscosthies 15 caused by

some unknown maternal parameter of the uranium dovide
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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 UOj is equally probable.

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 uranmium dioxide. The resultant standard deviation 1s

b
-

/ 2 _12 _2 .‘)h -3
=/oox10?123x10%) 4 (s 10?123 0107) < 20107 Pace (A-15.9)

which is approximately one-third the predicted value of the viscosity. 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) for liquid uranium dioxide.
The dashed lines are the upper and lower uncertainty limits obtained by adding +1/3 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 hquid and solid can both
exist (for temperatures between the fuel melting temperature and the melt temperature plus the liquid-sohd
coexistence temperature range), 1s obtained from the assumption that the viscosity is the volume-weighted
average of the sohd and hiquid viscosities in this temperature range
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Figure A-16.3 Viscosities calculated with Equation (A-15 1) (solid line) and upper and low?r uncertainty estimates
(dashed lines) compared with data
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15.4

Fuel Viscosity Subcode FVISCO Listing

Table A- 15111 is a hsting of the FVISCO subcode

15.5

A-15.1

A-15.5
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TABLE A-15.III
LISTING OF THE FVISCO SUBCODE

FUNCTION FVISCO(FTEMP,FOTMTL,FACHOT)
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4. CLADDING THERMAL EXPANSION AND ITS
RELATION TO TEXTURE (CTHEXP) (G. A. Reymann)

4.1 Summary




4.2 Review of Literature







Figure B 42 Comparison of CTHEXP pred

4.3 Model Development
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CTHEXP

Bunnell’s date were taken in the laboratory frame. Therefore, Equations (B-4.27) to (B-4.29) must be
inverted to find the single crystal strains in terms of the cladding strains

‘¢4 = -0.27<¢“) + 1.27<e,, > (B-4.30)
033 = 4.27<¢” p- T 3}7(022) (B-4.31)
022 = cll . (8-4,32)

Bunnell’s data, adjusted so the strain is zero at 300 K, are given in Tabies B-4.1l and B-4.111 for
circumferential and axial thermal expansion, respectively.

Using the data hsted in these tables, the next step is to find the single ciystal strains as a function of
temperature. Since temperature in the two tables 4o not always correspond, 1t 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

495 x 100 1. 1 485 x m"‘ (B-4.33)

(3

<% .
126 x10° T-3.78x 10 (B-4.34)

i

‘

13
where T = temperature (K).

Equari~ns (B-4.33) and (B-4.34) are the model for the alpha phase of zircaloy single crystals. If one has a
pole figure tor cladding, Equations (B-4.18) to (B-4.20) may be used to find the cladding thermal
expansion, remembering that ¢35 = «y.

4.3.2 Thermal Expansion in the Transition Region. To obtain single cryvstal thermal expansion, both
the axial and circumferential cladding thermal expansions are necessary. While axial data in the transition
region are available, circumftc  :tial data are not. Due to this lack of data and the insignificance of chermal
strain at these temperatures, an approximation was made,

For zirconmum in the alpha phase at 1123 K, the l)nngluxxn‘" 2 correlation gives the lattice constants as
c=519x10Wmanda = 3.245 v 10010 m, giving a volume of 47,356 x 1030 m3. KitelB-4.7 gives
the lattice constant for beta zirconium at the same temperature as 3.61 x 10710 m, implying a unit celi
volume of 47.046 x 1030 m?. This decrease in volume 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, 4.2,B-4.4,B-4.8 The volume strain is ~0.66%, in good agreement with
Skinner and Johnston. B-4-8 T4 model the transition region, it is assumed that each dimension contributes
equally to this volume strain

-3
Ar-(: = %-\‘% = 3'(-———3" a m-u:)l = 2196 x 107 (B-4.35)
361 x 10 )
where
Al = change in length (m)
lg =  reference length (m)
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TABLE B8-4.11I

BUNNELL'S CIRCUMFERENTIAL THERMAL EXPANSION DATA

CTHEXP

Temperature

(K)

394.15
398.15
401.15
405.15

488.15
488.15

523.15
528.15
531.15
532.15

568.15
572.15
577.15
579.15

836.15
840.15
844.15
846.15

878.15
881.15
8b..15
888.15

920.15
925.15
929.15

na "\
AL e 0

11

1.806
1.136
1.266
0.716

1.336
1.516
2.206
0.926

1.616
1.786
1.196
2,196

1.876
2.016
416
.316

PO e I

2.096
«216

L ]

-3

x 10

(unitless)

Temperature

(K)

616.15
620.15
625.15
627.15

663.15
667.15
671.15

673.15

708.15
712:15
716,15
718.15

754:15
755.15
759.15
761,15

794,15
797.15
8§02.15
804.15

964,15
969.15
972.15
975.15

1008.15
1013.15
1017.15
1019.15

1044.15
1044,15
1044 .15

L. -
LU« LU

‘11

2.326
2.516
1.916

2.926

2.636
2.820
226

+ 396

~

L

W ra L

.

~ un -
LD e K

o

3.266
3.456
2.856
3.916

3,646
3.756
3.166

4.346

4.806
5.026
4.376
4.676

5.006
5.326

x 10"

3

(unitless)
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CTHEXP

ABLE B=4,I11 (continued)

"

Temperature c]l Iemperature
(K) (unitless) (K)
540.15 1.431 734.15 2.251
548.15 481 738.15 1.051
556.15 1.211 740.15 2.481
557.15 441 749,15 2.531
763.15 «581 750,15 2,381
760,15 2.351 930.15 3.281
763.15 2.321 ¥32.15 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
762.15 2:721 935419 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
. 806.15 2,601 973.15 3.74
812.15 2.851 975.15 3.451
819.15 2ei2l 991.15 3.671
826.15 2,961 99. 15 5.801
§28.15 2.941 99¢ 3.931
835.15 2.781 1003. . 3.581
843.15 3,031 1007.15 3.781
844,15 2,821 1007.15 3.851
B4E.15 2.761 1015.15 3.941
851.15 3.081 1017.15 3.801
862.15 2.961 1021.15 3.711
8368.15 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
RAN. 15 3. 92% 1057 15 hoL91
904.15 3.181 1052.15 4.161
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CTHEXP
4.4 Model-Data Comparison and Uncertainty

The only data 1o which the model is compared are from Bunnell's correlations in the alpha phase. The
predictions of the model using Equations (B-4.33) and (B-4.34) are compared with the data predictions in
Tables B-4.1V and B-4.V using Bunnell's correlations and Equations (B-4.30) and (B-4.31). The first table
1s for circumferential strain and the second is for axial s'rain; both tables are for a single crystal.

TABLE B-4.1V

COMPARISON OF MODEL PREDICTIONS AND BUNNELL'S ALPHA
PHASE DATA IN THE DIAMETRAL DIRECTION

' __'7) ' _-‘;
i DR w T T Bunne 1 1-Mode 1
Temperature (model) (Bunnell)

(K) (unitless) (unitless) Moue |
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 ¢.0028 0, 0«
800 0.0035 0.0035 0.00
G500 0.0043 0.0043 0.00
1000 0.0050 C.0050 0.00
1100 0.0057 0.0055 ~0.04

TABLE B=4 .V

COMPARISON OF MODEL PREDICTIIONS AND BUNNELL'S ALPHA
PHASE DATA IN THE AXIAL DIRECTION

' -l ' -7
‘ 0 0 -
g 7 ] 3y * : Bunnell-Model
Temperature (mode 1) (Bunnell)

(K)

300
400
500
600

700
800
900
1000
1100

(unitless)

0

0.0005
0.0013}
0.0016

0.0022

a) 1Y
\loi/‘r. /

0.0032
0.0038
0.0042

(unitless)

0

0.0006
0.0011
0.0016

0.0021
C.0027
0.0032
0.0038
0.0045

Mode ]

0.20
0.00
0.00

-0.05
0.00
J. U0
0.00
0.07
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CTHEXP

From these tabies, the s.andard ¢rror of estimate is £ !2% for the arcum.erential direction and +8%
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 +50% 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 f the FORTRAN subroutine CTHEXP 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 subroutine and
codes which usc it, all uncerrainties will be stored in a separate common block

4.6 References

B-4.1. L. R. Bunnell et al., High Temperature Properties of Zircaloy-Oxygen Alloys, EPRI NP-524
(March 1977).

B-4.2. D. L. Douglass, ““The Physical Metallurgy of Zircomum,” Atomic Energy Review, [, 4
(December 1963) pp. 73-74.

B-4.3. R.L.Mehan and F. W. Wiesinger, Mechanical Properties of Zircaloy-2, KAPL-2110
(February 1961).

B-4.4. P. B. Scott, Physical and Mechanical Properties of Zircaloy-2 and -4, WCAP-3269-41
(May 1965).

B-4.5. J. ). Kearns, Thermal Expansion and Preferred Orientation in Zircaloy, WAPD-TM-472
(November 1965) pp. 17-18.

B-4.6. C. R. Hann et al., Transient Deformation Properties of Zircaloy for LOCA Simulation, NP-526,
Volume 3 (March 1978).

B-4.7. C. Kittel, Introduction to Solid State Physics, 3rd Edition, New York: John Wiley and Sons, Inc.
(1966) p. 29.

B-4.8. G. B. Skinner and H. 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
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LS J
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+ |
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CELMOD/CSHEAR/CELAST

5. CLADDING ELASTIC MODULI (CELMOD, CSHEAR, and CELAST)
(D. L. Hagrman)

Elastic moduli are required o relate stresses to strains. The elastic moduli are defined
by the generalized form of Hooke'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 1s
frequently assumed to be an isotropic material. In such a case only two independent elastic
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 CSHEAR. Elements of the tensor necessary to describe anisotropic ciadding
are calculated by the subroutine CELAST.

5.1 Summary

Cladding elastic 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 hu' they are not as important as temperature and oxygen content for
typicai light water i.actor fuel rod cladding. The models are based primarily on data
published by Bunnell et aIlB'S'”. Fisher and chkcn‘B's‘n. Armstrong and
Brown!B-5:31 4ng Padel and Groff(B-5.4] since these data include the best description of
texture for the temperature range in which they were used. Data from several other
sources|B-3.5 to B-5.11] are used to evaluate the expected standard error of the CELMOD
and CSHEAR codes and to estimate the effect of fast neutron fluence!B-3-121

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

(1) In the alpha phase

Y = (1.088 x 10" - 5.475 x 107 T+ K, + K,) /K, (B-5.1a)
(2) In the beta phase
v =9.21 x 101 - a.05 x 107 7 (B-5.1b)
(3) In the alpha + beta phase
Y = The vialue obtained by linear interpolation of values

calculated at the alpha to alpha + beta and the alpha + beta
to beta boundaries
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CCSTRN/CCSTRS
7. CLADDING CREEP (CCSTRN AND CCSTRS) (D. L. Hagrman)

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 Energieonderzock Centrum Nederland.

7.1 Summary

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

: t
er) = B.‘\-f Bexp[(l-l’)(%+ l?’];“ ) ot (B-7.1)
o
where
“qy = tangential component of creep strain rate (s°1)
t = time since creep strain was zero (s)
] = fast neutron flux [neutrons m\z-\)], E > 1 MeV
¥ = correlation fluence, Equation (B-7.4) (neutrons/m2), E > 1 MeV
7 .= zero flux correlation time. Equation (B-7.5)s)
A =  ultimate strain for infinite correlation (unitless), Equation (B-7.2)
B = rate constant (s'1), Equation (B-7.3).

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

A=383x10"7 0" L (B-7.2)
C
- -25100y "
B = 4.69 x l()(‘ g re'\p( ;.0( ) forT 2 615K
16 10400 ’ .

1.9519804 x 10 : ol" c\p( : To ) for T < 615K (B-7.3)
where

o =  tangenual component of stress (Pa)

T = temperature (K) (input temperatures are limited to the range 450 to 750 K)
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r = 2.0 for stress between -0.2 and -0.75 times the strength coefficient of cladding
= 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
coefficient is approximated by the linear expression 1.5 x 10¥ - 1.5 x 106 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, ¥, and zero flux correlation time, 7, were obtained
from the slope of secondary creep rates versus temperature under tensile stress. These expressions are

¥ = 29 x 10° ex

25'00). for T = 615 K

16

6.967795 x 10 exp(l—o‘r‘”), for T < 615 K (B-7.4)

: s
rwt6xpM exp(z'.lrw). for T = 615 K

2.0663116 cxp(‘TM)O). for T < 615K . (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 approximation? is used to integrate Equation (B-7.1). The resultant
expression for creep strain is

' = [A -¢ i [1-exp(-BAt)] + ¢. .. 3-7.6
tinal l bounda\r_\l l Pl L initial (E )
where
final = tangential component of creep strain at the end of the time step (unitless)
finitial = tangential component of creep strain at the start of the time step
(unitless)
tboundary =  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 (unitless); this parameter is zero for the first time step and is
determined by Equation (B-7.26) for subsequent time steps
At = time step duration (s).

For time step durations longer than the time to steady state, the steady state approximation l'e' (1) = 0] is
used to integrate Equation (B-7.1). The resultant expression for creep strain is

_ BA {4 - At
tringt ™ A 'boundary) il - expi-8 atl & ot . €. ' (B-7.7)
| + & 1 mitia!
2

~

a. The exponent in Equation (B-7.1) is approximated by a one
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where
Alge =  the time to steady state (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 |
At = - dn or
" # l ~ ;—lr (A i 'houndary)
v'7

0 if the argument of the log term is outside the range
0 < argument < 1. (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 e¢final, €initials and At are known. The procedure begins by solving
Equation (B-7.6) with the implied assumption that At is < Atg,. In this case, the possible range of stresses is
bounded and the function 1s 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) vields
a Atgg, which is > At, the trial solution 1s adopted.

A second trial solution is obtained by solving Equation (B-7.7) for o " with the assumption At is zero.
If this trial solution yields Aty = 0 in Equation (B-7.8), it is adopted.

If neither of the two trial solutions are adopted, the technique used in Subroutine CCSTRS employs the
observation that the initial trial solution provides a maximum ¢ T, 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 Of the range.

Uncertainty «stimates 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

[ I
o k130 x I()("

130 x l()6 |

l“+:l+0.31+2

+5 ‘ rw’ {B-7.9a)

o+ 130x10°! _|T-644]
+5| ‘

f - =041 + 2|
130 x 106 -

(B-7.9b)
where f, + are the upper and lower uncertainty estimates of the calculated creep strain increment
magnitude expressed as a fraction of the calculatea creep strain increment magnitude.

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

’

4 .
f + =14+0.07511 + 2111—1-}9—‘—19— +5§1 hee (B-7.10a)
- | 130x10° o
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n+l§0!l0 o|1 wl
130 x 10°

fa - = 0.85/41 + 2 (B-7.10b)

where f, + 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
tisting of Subroutines CCSTRN and CCSTRS, and references are provided 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
compressive stress are surveyved in this section. A bibhography of extensive literature on tensile creep
experiments is provided in Section 7.7,

Currently, there are no theories directed specifically at compressive stress, but Dollin and Nichols B-7.1
Picn:y.ﬂ"’-2 MacEwen,B-7-3 and NicholsB-7-4.B-7.5 have discussed similar physical mod=ls that explain
the general features of in-pile creep of cladding under tensile stress. For the temperature ranee 523 to
623 K, these authors believe the controlling mechanism for in-pile creep at stresses < 70 to 100 MPa ai= 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 disloca-
ton ghde between depleted zones and climb out of these zones. Although some of Nichol's ideas have been
challenged, B-7.5,8-7.6,B-7.7 lhc predicted linear stress-dependence of strain rate at low stress is supported
by several authors, B-7.8.B-7.9 4nd his prediction that the strain rate at high stress is proportional to
approximately the one-hundareth power of stress in the 523- 10 623-K temperature range is consistent with
the MATPRO models for cladding plastic deformation at high stress.® 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 increases, 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 1s not justfied unul compressive creep data
confirms the model.

A similar, but lcss 8hvxlcall> founded stress-dependence is proposed by Fidleris in his review of
experimental data.B He 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 MPa. The mode! for
creepdown to be developed will use only the general features of the stress dependence reported by Fidleris,
because msufficient creepdown data exist to support detailed modeling at this time,

The data referenced by Fidleris show the in-reactor creep rate depends on matertal, flux temperature,
and direction of testing as well as stress. At temperatures below half the melting temporature (1050 K) and
stresses lower than the veild stress, the in-reactor cres: reaches a constent rate, whue tise sut-of-reactor
creep rate becomes negligibly small with time. The steady state creep rate is stated to be wlependent of test
history or strain, at least for fast neutron fluences below 3 x 1024 neutrons ' m2 (E > | MeV),

Below 450 K, temperature is reported to have hittie ettect and, tor stresses below the vield stress, the
strain is <0.001. The out-of-reactor creep data of Fidleris can be described by

a. The MATPRO models for cladding plastic deformanion, CSTRES, CSTRAN, and CSTRNI are described in Appendix B,
Section ¥ of the MATRPO handbook
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e=Alogt + B (B-7.i1)
where

¢ = slrain

t = lime

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

c=A™ +B (B-7.12)

where, ¢, t, A, and B were defined in conjunction with Equation (B-7.11) and m is a constant between zero
and one. Recovery of some of the strain is possible in this temperature range and dynamic strain
agingB‘7-'° frequently causes anomalously low creep strains and rates.

Equations (B-7.11) and (B-7.12) and other conclusions in Fidleris' review are based on his own extensive
dta for uniaxial, tensile creep of zirconium alloys, both in- and out-of-reactor.B-7-11 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-|2
Although most authors have treated in-reactor creep as the sum of the out-of-reactor creep and an addi-
tional irradiation-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-
portional to the fast flux, WoodB-7-13.B-7.14 ses a = 0.85, KohnB-7-15 uses a = 0.65, and
GilbertB-7.16 finds a = 0.5 for yielding creep at moderate stress levels. MacEwenB-7-3 and NicholsB-7.4
have resolved this apparent conflict by suggesting the flux exponent can have values from 0 (Nichols) or 0.5
(Mace wen) 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 » pression that is proportiona’ to fast neutron flux for large fluxes,
but less dependent on flux for sm_.er fluxes. Equation (B-7.12), Fidleris® equation for creep strain versus
time with tensile stress, will not be used because it is inconsistent with data obtained from tests with
CoOmpressive stress.

The effects of grain size annealing and texture are addressed by several authors. Fid'eris finds that the
zircaloy-2 creep rate increases continuously with grain size at 573 K. However, within the limited range of
grain sizes formed in his recrystallized zircaloy-2 (6 to 20 um), very littie variation is reported. StehleB-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 overaged precipicate structure in the
as-manufactured cladding can explain the difference in creep rates. The importance of texture is dis~uted
by StehleB-7-17 who reported that mechanical anisotropy (especially in long-time creep) is surprisingly low
compared to the anisotropy in short-time creep at room temperature. The effects ¢ grain size, annealing,
and textu, e will not be considered in the creepdown model developed in the next section boc :ase an explicit
mode! for 1o, effecis 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 [ ucas and Bement,B-7-19 and StehleB-7-17 have
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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.

The 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 Hobson using tubes from a shipment of typical pressurized water reactor cladding
purchased specifically for use in fuel cladding research Srograms sponsored by the Division of Reactor
Safety Research, Nuclear Regulatory Commission. B-7.2

The only biaxial compressive straia data from a different lot of cladding were reported by Stehle,B-7.17
His measurements of the tangential creep as a function of time for standard stress-relieved tubing
.abricated 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 Hobson's
out-of-pile data at the same temperature, but within the range of the scatter reported by Stehle 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 HobsonB-7.21—B-7.24 4. radial displacements of the cladding surface at various
azimuthal angies and axial positions (6.34 mm apart). The 20 probes used 1o measure the displacement
were arranged in a double helix pattern over 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. Hobson has pointed
outB-7-23 that the exact shape of the cladding surface cannot be determined with point-by-point data from
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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-7.1

SURFACE COORDINATES OF PROBES WHICH MEASURE
RADIAL DISPLACEMENT

Azimutha! Angle

(degrees)
Axial Position

(om) O 4 9 135 180 225 270 315
0.00 1 - - - 13 - - e
6.35 - 4 - -- -- 16 - -
12,70 - - 7 - - - 19 P
19.05 -- - - 10 - - -- 22
25,40 2 -- - -- 14 -- 20 o
31.75 -- 5 - - -- 33 —— o
38.10 - w— 9 - -- -- 21 -
44,45 - ~- -- 1! - - - 23
50.80 3 s -- - 15 - - s

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 Development of the Model

It has been concluded that the most relevant data for modeling cladding creepdowsn: under the com-
pressive stress of steady state LWR reactor conditi~.s are the data of Hobson. Extensive theory and tensile
creep data are useful only to provide a tentative < :tension of the model to stresses and temperatures where
no creepdown data are available.

The first siep in the analysis of Hobson's data was 1o estimate the average tangential sirain from radial
displacements measured by probes at the locations shown in Table B-7.1. This was done by inspecting plots
of the radial displacement measured for each test. Table B-7.11 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-7.11

RADIAL DIS,LACEMENTS AT 200 HOURS IN HOBSON'S1EST 269-443
(1073 mm)

Azimuthal Angle
(degrees)

Axial Position

i} O 4 %0 1335 180 225 270 315
0.00 4 -- - -— 12 - ooy .
6435 -- b -- -- .- 12 - -
12.70 - - 48 i i i 12 P
19.05 - - - -19 - - - =29
25.40 31 -- -63 - 40 - -58 =
31.75 - 3 -~ - - 31 - o
38.10 -- -- =77 - - s -60 .
44,45 - -- - -36 -- -- - -38
50.80 31 - - - 32 - o -

a. 14.48-MPa pressure differential anu 0.127-mm pellet-cladding

B=7,23

zap.’

plot exaggerates the radial displacement by a tactor of ten compared to the scale of the circle, which
represents zero displacement. From an inspection of the figure, 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 given by StehleB-7-25 and Bauer.B-7-26 On the basis of several plots like
Figure B-7.2 and the general descriptions just mentioned, the author has concluded (a) an eliipse 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-
ton,

The assumption that the cladding surface at any axial position is an ellipse allows alculation of the
average tangential strain as outlined in the six steps below.

1.  The circumference of the elliptical surface was related to the major and minor semi-axis
lengths with the approximate expression
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nﬂ
2700w we | 90°
180° f——
INEL-A-18 182 0.1-mm displacement
Figure B-7.2 Radial displacement of cladding surface at 200 hours in Hobson's test 2694
, RN
a- +b" -

¢ Z’r\s S —— (B-7.13)
where

¢ circumtierence (m)

a.b semi-axis lengths (m)
The average tangential strain was defined as

rd\ . .

— final initial »
¢ S — (B-7.14)
H C
imual
circumterence

where

S = arc¢ length (m)

", .ll\l:,\_Lk \LIAI»L.\(I\I\X“ ‘\‘sll:l|‘-itll;:\“?

Cinitial imtial circumference (m)

Cfinal final circumference (m)
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3.  Equations (B-7.13) and (B-7.14) were co.bined to obtain

F. 2 7.8
‘ﬁml * l’fiml

aim‘linl " bimual

4. aipitial and bjyiia) were assumed equal 10 1,5, and a4 and byjn,) were set equal to the
imtial values plus Aa and Ab.

5. A Taylor series expansion to order da r, and ab/r, was w with Equation (B-7.15) and
Step 4 above to find

| {3a + Ab .
= - .16
0
where
fo = initial radius of the outside (circular) surface of the cladding
(m)
da. Ab = change of the major and minor semi-axes lengths (m)

6.  Measurements of the radial displacements at one axial position (25.4 mim) and azimuthal
aees of 0, 90, 180, and 270 degrees are available from Hobson's qata. It these tour
measurements happen to occur along the major and minor axes of the ellipse,
Equation (B-7.16) 1s sufficient to convert the data to an expression for the average cir
cumferential component of the strain. When the radial displacements at 25.4 mm are not
measured along the major and minor axes of the ellipse, the derivation is mor. complex
"t the result (10 order da/r, and Ab/r, in the Taylor series expansion) is an equation of
the same form as Equadion (B-7.16}, with Aa and Ab replaced by the average radial
displacements along any two axes at right atgles to each other and at any angle to the
mzjor and minor axes of the ellipse. The expression then becomes

| f/Aa’ + Ab°
luaq( - ) ‘B‘.ﬂ'-)

O

where

da’',Ab° = change of the cladding radius measured alo ¢ any mutually perpen-
dicular axes at one axial position (m)

The second part of the analysis of Hobson's data was to describe the average tangential strains obtained
from the daia and Equation (B-7.17). Figure B-7.3 displays the calculated average tangential strain from
two out-of-pile tests at 15.86 MPa 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 axial gap centered about the axial position of the four probes
used 1o determine the strain. Test 269-8 had only a small axial gap. The difference in strain at long times is
probably due to the effect of the different contact times with the simulated fuel

Figure B-7.4 illustrates the strain versus time results obtained from the 14.48-MPa out-of-pile test. The

magnitude of the strain at any time 1s significantly smaller than the stra.ns obtained with the 15 86-MPa
tests.
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In an effort 1o describe the strain versus time data shown in Figures B-7.3 and B-7 .4, the “onstants in
Equations (B-7.11) and (B-7.12) for tensile creep were fit to seiected strain-time pairs. Each equation was
then tested by excrapolating to longer or shorter times and comparing the predicted strains to strain-time
pairs not used in determining the constants A and B. Neither equation passed this test. Equation (B-7.11)
vonsistently had toon much curvature® and Equation (B-7.12) had too little curvature

The equation finally adopted for short-time out-of -piie tests was

o= A [l - expi-By) (B-7.18)
where

w =  average tangential strain (m/m)

l = nme (s

AB = functions of stress and temperature

For the 14 458 -MPa test

A= SR2x103andB = 7.64 x 107 s.

For the 15.86-MPa tests

A= 632x10" andB = 917 x 107 &,

The value

s of A and B for each stress were determined wath a two-step progess

A value of B was guessed and one strain-time pair (¢, 1) was selected as a reference
Other strain-time pairs (¢ T (') were then used to find an improved guess for B according to
the reiation

el - exp-B t )]
rucssed o .
: - : . (B-7.19)
| ¢
0

Onge a single value of B that worked for scveral strain-time pairs was determined, a least-
squares fit was carried out to determine A

The two sets of values for A and B were used to estimate the effect of change "1 stress A and B we'e
assumed to be dependent on siress to some power, n, and n was calculated from A and B at the two stresses
where they are kno ve

-

A at 1586 .\h';{
at 14.4 a {B-7.20a)

n

an”

ln(rl»‘"’ 1.89
14 .48

bl
4%
" ("—,!) oo large
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i at 15.86 MPI)
'G at 14 48 MPa
= 2.01. (B-7.20b)
| .86)
"(rm

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 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

-3 02
A=(532x10 )-————-2- (B-7.21)
(1.245 x 10%)
v 2
N T T P — (B-7.22)
(1.245 x 10%)
where
o = tangential component of stress,

T'he data from Hobson's in-reactor experiment were converted 1o average tangential strains with the
same technigue used for the out-of-reactor experiment. Figure B-7.5 Aisplays the resultant average tangen-
tal strains as a function of time, along with the predicted out-of-reactor average strain from
Equations (B-7.18), (B-7.21), and (B-7.22). The temperature during the in-reactor experiment was approx-
unately the same as the temperature of Hobson’s out-oi-reactor experiments, but pressure varied from 13
to 13.5 MPa_ so the tangential stress (<116 MPa) was smaller in magnitude than stresss 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.
HobsonB-7-24 hag discussed the apparent positive average strains during the early part of the experiment
and suggests that the positive readings come from the effects of a rcactor scram at S0 h on the experiment
lectronics.

The in-reactor strains shown in Figure B-7.5 are consistent with a simple relation between the out-of-
reactor sirains and the in-reactor strains [for fast neutron flux = 5.4 x 1017 neutrons (mzﬂl‘ The dashed
line of the Nigure is the strain predicted by assuming that the initial out-of-reactor strain rate, AB, is main-
tained throughout the in-reactor experniment. The strains are described to within the experimental
uncertainty by this line.

If this simple relation between nitial out-of-reactor creep rates and in-reactor creep is confirmed by
subsequenit experiments with compressive stress, the implications for model development 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 have 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 Hobson'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

a. The tme derivative of Eguation (B-7.18) is proportional to A x B
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Figure B.7 6 Average tangential strain as a function of time from Hobson's in reactor experiment at 13

136 MPa
ditferential pressure and 5 4 x 0!’ tast neutrons/(m2/s)

temperatures near 644 K, or (b) that the fast neutron flux, stress magnitude, and temperature are coin
cidentally at values that make the independent irradiation-induced creep rate equal 1o the imitial out-ol
reactor creep rate. The author has selected assumption (a) and has proceeded to develop a model for
cladding creepdown that is consistent with this assumption

T'o be consistent with the assumpuion that some effect associated with prior creep strain impedes further
creep strain, the independent vanable in Equation (B-7.18) was changed from time to prior strain. The
equation was then differentiated with respect to tme and the differentiated expression used with
Equation (B-7.18) to eliminate time, resulted in the expression

BA ty (B-7.23)

where ¢ 18 the time derivative of the tangential strain (s 1y

If fast neutron flux destroys some effect associated with prior creep strain, the apypropriate modification
of Equation (B-7.23) to describe in-reactor creep will reduce or eliminate the term, -Bey, when a fast
neutron flux is present. This was accomplished by adapting the wdea of an auto-correlation function from
statistical mechanics.B-7-27 The total strain in Equation (B-7.23) is replaced by the integral of the strain
increment at a pnor time, 7, times a correlation function that approximates the rate of destruction of the
effect of prior strain on the current strain rate. In the absence of detailed mformation, the correlation
function is represented by an exponential. The resultant generalizatien of Equation (B-7.23) 1s
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. t
e, = B{A - expl-(t ~t‘)(° +-'-) de(t’) (B-7.24)
H v
0

where

¢ = fast neutron flux Ineu'rons/(mzsn

v =  ¢orrelation fluence (ncutron.s/mz)

r = zero flux correlation time (s)

and other symbols have been previously defined.

New parameters introduced in Equation (B-7.24) can be given a physical interpretation without defining
a detailed mechanistic model. The correlation fluence, ¥, 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, 7, 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 Egquation (B-7.1).
Equation (B-7.6) is obtained from Equation (B-7.1) by assuming

((24» -'-)< < | (B-7.25)
¥ T

and integrating Equation (B-7.1) from an initial to a final time, t. Equation (B-7.7) uses the steady state
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 iime of a time step inter-
val is greater than or equal to the steady state creep rate, Equation (B-7.6) is emploved for the entire time
interval. If the creep rate at the given final time of a time step interval is less than the steady state creep
rate, the time to steady state is calculated with Equation (B-7.8), and Equation (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 solving 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, tboundary: 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, /¥ + 1/7(a function of flux and temperature), should be more
gradual. A boundary condition is therefore required to make the initial creep rate of Equation (15-7.6)
equal to the creep rate at the end of the prior step. The appropriate condition is

for prior steps not in steady state
tboundary = AP exp(-BP atp) + Phoyngaryl! - exp(-BP Atp)]
for prior steps in steady state
AP BP

¢ =
boundary oP |
w 't t P

(B-7.26)
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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 (B-7.3), (B-7.4), and (B-7.5) are the most convenient way of
forcing the steady state creep rate implied by Equation (B-7 7) to correspond to the temperature-
dependence shown by the Fidleris equation.

The constants, 2.9 x 100 and 6.967795 x 1016 in Equation (B-7.4), are the result of a least-squares fit to
the steady state creep rate data of Fidleris. As expected from the previous discussion, the resultant predic
tion of the steady s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>