EGG-CDD-5801

May 1982

MATERIALS PROPERTIES MODELS

FOR SEVERE CORE DAMAGE ANALYSIS

Whe Kesearch a-wl/or Techmicak /4“’#""‘( ﬁ/{'

D. L. Hagrman

U.S. Department of Energy

Idaho Operations Office » idaho National Engineering Laboratory

This is an informal report intended for use as a preliminary or working document

Prepared For:

U. S. Nuclear Regulatory Commission

Under DOE Contract Number DE-AC07-761D01570
Fin. No. A6050




n

FORM EGAG 398
(Rev 11.79)

INTERIM REPORT

Accession No

Report No. __EGG- CDD-5801

Contract Program or Project Title:  Fuel Behavior Model Development

Subject of this Document: Materials Properties Mocels for Severe vore Damage Analysis

Type of Document: Interim Report

Author(s): D. L. Hagrman

Date of Document: May 1982

Responsible NRC Individual and NRC Office or Division: G. P. Marino, NRC-RES

This document was prepared primarily for preliminary or internal use. It has not received
full review and approval Since there may be substantive changes, this document should
not be considered final.

EGA&G ldaho, Inc
Idaho Fauis, ldaho 83415

Prepared for the
U.S. Nuclear Regulatory Commission
Washington, D.C.
Under DOE Contract No -AC07-761D01570
NRC FIN No. A6050

INTERIM REPORT



ABSTRACT

Tnis report gocuments the extension of an older package of light water
reactor materials properties computer subcodes to consider properties appro-
priate to severe core camage modeling. The work is preliminary because no
effort has been mage to subject the new aata to the critical review given
Lo the data used in tue older package.
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SUMMARY

Recent interest in analyzing severe core damage in light water reactors

has created a need for properties not present in the light water reactor »
materials properties subcode package, MATPRO. In adaition, the subcodes for
properties that have been available were being used at temperatures beyond %

those intenged. For this reason a preliminary update has been completea to
extend the package to temperatures above cladding melt and to include pro-
perties of interest for modeling molten material flow.

New materials have been added to the package so that analysis may con-
<ider control rods and liquefied fuel rods. The new materials are silver-
indium-cadmium alloy, boron carbide, stainless steel, Inconel 718 and

zirconium-uranium-oxygen melts.

Although no effort nas been made to subject the d-ta base for the
extended package to critical analysis, it is obvious that there is a criti-
cal shortage of nearly all data for zirconium-uranium-oxygen melts and
liquid metal properties like viscosity, interfacial surface tension and .
fusion volume changes. Error estimates have been included for each mode |
and many of the estimates are more than half the given value of the pro- v
perty. Data are particularly sparce for compounds rich in unoxidized zir-
caloy, the composition which is likely to be formed by liquefaction of
uranium dioxide due to fiowing cladding in the temperature range 2100
through 2600 K. There are some data for Lr‘()z-UO2 mixtures so the
gescription of oxiagized melts is fairly well founded.
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MATERIALS PROPERTIES MODELS FOR
SEVERE CORE DAMAGE ANALYSIS
D. L. Hagrman

1. INTRODUCTION

The United States Nuclear Regulatory Commission is sponsoring develop-
ment of a Severe Core Damage Analysis (SCDAP) computer code to analyze the
tnermal, mechanical, and chemical behavior of light water reactor fuel rod
bundles during a severe reactor accident.] An important part of this
sevelopment is the extension of tne existing materials properties data base
to the high temperatures and complex mixtures or compounds which may be
present in a severely damaged core. This document is a preliminary
extension of the MATPRO materials properties packagez'S to include new

properties required for the initial version of SCDAP, SCDAP/M0DO.

The extension includes fifty subcodes and is preliminary because the
data supporting the subcodes have not been subjected to the critical review
that ras been given to the data used in the balance of the MATPRO package.
The subcodes described in this report have been prepared in a preliminary
fashion so that sensitivity studies can be conducted with the SCDAP code to
help determine what data are most urgently needed and the precision to which
they must be measured Uncertainty estimates are included in each subcode
to help guide these sensitivity studies.

Most of the new properties needs come from the fact that severe core
damage scenarios include core melting ana mixing.6 Existing properties
for fuel and zircaloy claoding must therefore be extended to include the
liquid phases of these materials. In addition, liquid zircaloy can flow
onto U02 and dissolve the oxide to form a uranium-zirconium-oxygen cCOm-
pound wnos behavior must be modeled. Since the current MATPRO package
includes only fuel, cladding, and gap gas property descriptions, a major new
section has been added in this report to deal with these compounds. Sec-
tions for control rod neutron absorbers, their stainless steel cladding,
and Inconel grid spacers have also been included because these bundle com-
ponent< are considered by the SCDAP/MOD0O computer code. Water properties

]



are not incluged in this update because they are already available from the
THERMO and FPROP subroutines of the TRAC-BDI coae7 which is being adapted
for use with SCDAP/MODO.

The new properties subcodes are contained in appendicies to this
report. These appendicies are organized in a format which is compatable
with their eventual adeition to the MATPRO handbook.



2. EXTENSION OF MATPRO PROPERTIES TO INCLUDE
SEVERE CORE DAMAGE ANALYSIS

Most of the fuel, cladding and gas material properties required for
severe core damage analysis are contained in Appendices A, B, and C of the
MATPRO handbook.2 Minor changes to these routines to extend them to
higher temperatures are d2scribed in Appendices A and B of this report.
Appendices D throush G are descriptions of materials properties subcodes
that are new. No change has been made to the models in Appendix C of the
MATPKO handbook.

Table 1 1s a list of *he materials properties which are available. The
location of the model description is indicated by footnotes. Appendix A,
Fuel Material Properties, models uranium dioxide and plutonium-uranium
dgioxide fuels. Appendix B, Cladding Mate-ial Properties, includes both
zircaloy and zircaloy oxide properties. The gases included in Appendix C
are helium, argon, krypton, xenon, hydrogen, nitrogen, oxygen carbon
monoxide, carbon dioxide and water vapor. Appendix D considers both silver-
indium-cadmium and boron carbide control rod absorbers. The cladding pro-
perties of Appendix E assume that the control rod cladding is 304 stainless
steel. Appendix £ assumes the grid spacers are made of Inconel 718 (the
properties of Appendix 8 can be used if the grid spacers are zircaloy).



TABLE 1. PROPERTIES AVAILABLE

Property

Subcode

Fuel Material Properties (Appendix A)

Specific heat capacity®
Thermal conductivitydsP
Emissivityd

Thermal expansiondsC
Elastic modulid

Creep rated
Densificationd
Swellingd

Pressure sinteringd
Restructuring?

Fracture strengthd
Fission gas release?
Cessium and ioaine released
Vapor pressured
Visocityd

(xidationd

Melting temperaturesP

Fuel Roa Cladding Material Properties (Appendix B)

Specific heat capacity and enthalpy2sb

Thermal conductivitydsD

Fmissivityd

FCP, FENTHL
FTHCON
FEMISS
FTHEXP, FDEN
FELMOD, FPOIR
FCREEP
FUDENS
FSWELL
FHOTPS
FRESTR
FFRACS
FGASRL
CESIOD
FVAPRS
FVISCO

FOXy

FHYPRP

CCP, CHSCP, CENTHL,
Z0CP, ZONTHL

CTHCON, ZOTCON
ZOEMIS



TABLE 1. (continued)

Property

Fuel Rod Cladding Material Properties (Appendix B)

Thermal Expansion and DensitydsP gTHEXP. CDEN, ZOTEXP,
ODEN

Elastic Modulidsb CELMOD, CSHEAR,
CELAST, ZOEMOD, ZOPOIR

Axial growthd CAGROW
(reep rated CCSTRN, CCSTRS

Plastic deformation? CSTRES, CSTRAN, CSTRNI,
CANISO

Annealing® CANEAL
Texture fectorsd CTXTUR
Mechanical 1imits®»P and embrittlementd CMLIMT, CBRTTL, ZORUP
Cyclic fatigued CFATIG
Collapse pressured CCLAPS

Oxidation® CORROS, COBILD, COXIDE,
COXWTK, COXTHK

Hydrogen uptaked CHUPTK
Meyer hardnessd CMHARD

Melting temperatures, phase transformation CHYPRP, ZOPRP
temperatures?,C

Gas Material Properties (Appendix C)

Thermal conductivityd GASCON, GTHCON, GJUMP
Gas viscosityd GVISCO

Neutron Absorber Properties (Appendix D)

Specific heat capacity and enthalpy® ACP, AENTHL

Thermal conductivity® ATHCON




TABLE 1. (continued)

Property

Subcode

Thermal expansion and densityC
Surface tersionC

ViscosityC

Melting temperatureC

Control Rod Cladding Properties (Appendix E)

Specific heat capacity and enthalpy®
The mal conductivityC

Tnermal expansion and densityC
OxidationC

Mclting temperatureC

Grid Spacer Properties (Appendix F)

Melting temperatureC

Zirconium-Uranium-0Oxygen Componds Properties

(Appenaix G)

Specific heat capacity and enthalpy®
Thermal condictivityC

Thermai expansicn and densityC
Coefficient of frictionC

Interfacial surface tensionC
ViscosityC

Rate of U0p-zircaloy reactionf

Heat of solution of solid UOp by
zirconium-uranium-oxygen compounds®

Melting temperatures and solubility9

ATHEXP, ADEN
ASTEN
AVISC
AHYPRP

SCP, SENTHL

STHCON

STHEXP, SDEN

SOXIDE, SOXWGN, SOXTHK
SHYPRP

HYPRP

ZUCP, ZUNTHL
ZUTCON
ZUTEXP, ZUUEN
ZUFRIC

ZUSTEN

ZUVISC

PSuUZ

ZUSOLN

PSOL, PLIQ, PSLV



TABLE 1. (continued)

Supporting Material for MATPRO (Appendix H)

Linear interpolation? POLATE
Collected heats of fusion® QFUSON

Mass fraction-mole fraction conversionsC PMOLS, PMASS p
£

TR

a. The model is described in the MATPRU-11 document with Revisions 1 laiPZ
(Reference 2).

b. A revision to the existing MATPRO-11 Revision 2 model is described in
this document.

c. The model is & preliminary subcooe described in this document.
d. Tne model is described in Reference 3.

e. The mouels are described in Reference 5.

f. The model is described in Reference 4.

g. The model is currently described in Appendix D of the MATPRO-11
Revision 2 document but will be moved to Appendix G.

h. The model is currently describea in Appendix D of the MATPRO-11
Revision 2 document but will be moved to Appendix H.
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¢ . density (kg/m3)
a = thermal diffusivity (m%/s).

Substitution of the MATPRO values for Cp and p at melting‘ into
Equation (A-1) yields thermal conductivities in the range 8.5 to
14,5 W/mekK. These conductivities are an order of magnitude larger than
the estimate used in MATPRO-11 Revision 2.

Kim et al., interpret tiis unusually high conductivity as being due to
internal infrared radiation heat transfer in the liquid UO2 which 15 not
allowed in the solid because of the effect of scattering centers such as
grain boundaries or voids. Although they caution that radiative thermal
diffusivity cepends on the thickness of the material as well as on the
emissivity of the boundary surfaces, the variations they estimate are only
0.10 to 0.30 times the measured value. The constant used in Equation (A-1)
1s the average of the range of values calculated from the data of Kim
et al. An uncertainty of +0.3 times the giver liquid conductivity is
estimated from the range of values measure..

The revised FTHCON subcode is listed .+ .able A-1. Figure A-1 was
generated using the subroutine with an input value of 0.95 of the
theoretical density.

FUEL DENSITY (FDEN)
The FDEN function determines the theoretical density of UO2 using
room temperature data and thermal expansion strains calculated by the

FTHEXP subcode, The relation used is

o = 10,90 (1 - 3¢y ) (A-2)

a. Cp = 502 J/kgeK
o = 10.98 x 103/[1 + 3 (0.035 + 0.045)] Kg/mS.
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TABLE A-1. (continued)

co

alas

ln al e

ale

COOOCOC COOO0O0

20

USF RULE OF MIXTURES FOR MIXED OXIDES
IR = 571.40/7
LY = CV # (lLeu - FQPU’ + ( 347446 * TR % TR % EXPLIR)Y ¢
* (( EXP(TR) = 1,0 )*#%2 )) & FRPU
DV = (DV - 1.0 ) ‘ (l 0 = FRPU) + 3.8 * ( 9.0E-Q086 = 7T
- 2476=03 "+ 7,0E=02 % EXP(=5.,C72E403/T)) * FRPU + 1.0
FIND PURUSITY CORRECTION
BETA = 6,3C = 4,59E-03 = T
IF(T JGke 1364,647) BrTA = 15.,8141308 = T#(421833647-T#5,.¢-6)
IF(I 6T B33.647) BETA = = 100
FIND ELECTRONIC CONTRIBUTION
CONE ® (5,2997F=203 ¢ T * EXP(=13358.0/7/ T 1)) »
(}00 + 04169 * ((13358407 T ¢ 2.,N)*%2 ))
RTEMP =
AF(T +GEese 1P00s) BTEMP e =3240¢ + T #* (&b = T #» 0.001)
IF(T +GE. 2300.) BTEMP = 2050,
FIND CONDUCTIVITY 7
C{i) = (Cv * FRADEN)/(Dv * (A + B & BTEMP ) =
(1.0 +# SETA * (1,0 - FRADEN))) + CONE
FIND DERIVATIVE OF FUFL CONDUCTIVITY
1 = I + ]
T = FTEMP + (}-I.O)"I)
IF(] +LTe 3) GO TO 190
CON = E(l’
OkDT = (C(2) - Ct1))
FIND UNCERTAINTY
UCON 2(0e2 * (140 = FRPU) + 047 * FRPU ) * (1.0 + ABS(2.0 -
FOTMTL) * 1C.)
R TURN
END

15
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S0.0  1000.0 \S00.0 2000.0 2500.0 3000.0 00. 0
TEMPERATURE (K)

Figure A-1. Fuel thermal conductivity of uranium dioxide with a
density of 0.95 times the theoretical density.
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where

[ = theoretical density of UOZ (kg/m3)

€40 = linear thermal expansion strain calculated for U02 using
¢ a reference (zero strain) temperature of 300 K (m/m).

The room temperature density, 10,980 kg/m3. was taken from
Olander(A'Z) and is accurate to +20 kg/m3.

Table A-2 is a listing of the FDEN function and Figure A-2 shows the
predicted theoretical density as a function of temperature.

FUEL MELTING TEMPERATURES (FHYPRP)

The subroutine FHYPRP calculates the temperature of the appearance of
the first liquid phase (solidus) and the temperature of the melting of the
last solid phase (liquidus) and UO2 and (U,Pu) 0?. These temperatures
are calculated as a function of burnup and plutonia content,

Equations for these temperaures are from the MATPRO-11 Revision 2
PHYPRP subroutine.

Tabie A-3 is a listing of the FHYPRP subroutine.

17



TABLE A-2. LISTING OF THE FDEN FUNCTION

sl alasisialslialsl alel

FUNCTIUN FLENCFTEMP,FACHOT)
rUEN RETURNS ThHe LENSITY OrF UO2 FUEL
FLEN = ULIPUT FUEL DENSLTY (KG/Mee3)

FlEM? = INPUT FUEL EMPERATURE (K)
FelruT = INPULT PUEL RACTION unléﬂ IS MOLTEN (UNITLESS)

Tel SuBCOUE ¢ THLRP IS CALLeD BY THLIS FUNCTION
FleN WAL COUtD BY De Lo HAGKMAN 1982,

EPSY = FTHEXP(FTEMPL,FACHOT )

Fueh = L ,008F+04 * (L1, = 3, * EPS)

KETUPN
ENC

18
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Fiqure A-2.
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TEMPERATURE (K)

Theoretical density of uranium dioxide.
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TABLE A-3. LISTING OF THE FHYPRP SUBROUTINE

OOOOOC OO0

SUBROUTLINE FHYPRP{RU,COMP,TSOL,TLIQ)
FHYPRP RETURNS U002, (UsPU)ID2s MELTING POINTS,

TS0L = QUTPUT SD%I?US TEMP iAT*ls ()

TLIQ = OQUTPUT LIQUIDUS TEMPERATURE (K)

BU = INPUT BURNUP (MW~ fIKG-UD

Comp = INPUT PUQD2 CONTENT (W4TX)

FHYPRP wAS CODED BY Ds Lo HAGRMAN MARCH 1982
FBU = BU/B

b
IF (COMP c? 0.0) TH
$300 2%311%:9 3’28"55‘ 5.41395 + COMP*7,468390E-03)

TiQ = 3§ig.1s +CONPH(=3.21660 = CONP#1.448518E~02)
L]

' 23
ELSE
ISO0L = ?163.15 = 3.2€E-03 * FBU
TtlQ = T50L
ENDI
RETURN
END

20
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APPENDIX B
CLADDING MATERIAL PROPERTIES

fxtension of the MATPRO Revision 2 clauding materials properties to
righ temperature requires the addition of subcodes for zircaloy enthalpy,
zircaloy oxide specific heat, zircaloy oxide entkralpy, zircaloy density,
zircaloy oxide thermal expansion, zircaloy oxiage density, zircaloy oxide
elastic moduli, and zircaloy oxide failure stress.

Some changes to existing subcodes are also required. The function for
zircaloy oxide, ZOTCON, was revised to avoid a decrease in the predicted
conductivity at high temperatures and to consider melting; the function for
zircaloy thermal conductivity, CTHCON, was revised to estimate the change
in thermal conductivity when zircaloy melts; the subroutine for zircaloy
thermal expansion, CTHEXP, was modified to account for melting; and the part
of the PHYPRP subroutine dealing with cladding melting or other phase
Changes was recoded a: the CHYPRP subroutine to provide a consistent treat-
ment of pnase change temperatures.

These changes and new subicodes are describea below. The material from
earlier MATPRO versions which nas not been changed is not included in this

report,

CLADDING SPECIFIC HEAT CAPACITY AND
ENTHALPY (CENTHL, ZOCP, ZONTHL)

The function CENTHL provices zircaloy enthalpy for temperatures above
300 K. ZCCP and ZONTHL return zircaloy oxide specific heat capacity and
enthalpy. ZOCP requires only temperature as input while the two enthalpy
subcodes require temperature and a reference temperature for which the
enthalpy will be set equal to zero.

Zircaloy enthalpy is wodeled by integrating the expressions used in the
MATPRO-11 Revision 2 cladding specific heat subcode, CCP. Since CCP

24



utilizes linear interpolation cn the set of points reproduced in Table B-1,
the CENTHL routine uses the expression

r - }é: A - Ti)z (
H(T) - H (300) = e &HJ + Cpi (T-T;) + My - T3) (Cpi*] - Cpi) (B-1)
where

T, =  i-th temperature in Table A-1 (K}

Cp = specific heat capacity at T, (J/kgek)

aH = change in enthalpy of zircaloy between Ti-l and Ti
T =  temperature (K)

H(T) = enthalpy of zircaloy at temperature T (J/kg)

to find the enthalpy at a temperature greater than or equal to Ti’ but less
than T, .. Equation (B-1) can be derived by inspection of Figure B-1. The
first term is the enthalpy between T] and Ti' that is the area under the
line segnents which connect Cp to Cp . The second term is the area of
rectangle g ard the third termlis theiarea of traingle A. The sume of these
two areas is the enthz!py between Ti and T. Table B-2 lists values of

1
E AHJ

J=1

corresponding to the values of Cp in Table B-1. The entries for 2098
and 2099 K incorporate the heat of fusion for melting zircaloy. The melt

25



TABLE B-1.

ZIRCALOY SPECIFIC HEAT CAPACITIES FOR CCP

Temperature
—K)

300
400
640
1090
1093

1113
1133
1153
1173
1193

1213
1233
1248
2098
2099

Specific Heat Capacity
(J/kgeK)

281
302
331
375
502

590
615
719
816
770

619
469
356
356
356

26




i i+l

Figure B-1. Derivation of Equation (B-1).
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i
TABLE B-2. VALUES OF X aH; FOR ZIRCALOY

il
i-1
2 aH
Temperature, Ti le
(K) (10% J/kg)
300 0.000
400 2.915
640 10.511
1090 26.396
1093 26.52755
1113 27.61955
1133 28.82455
1173 30.15855
1173 31.69355
1193 33.27955
1213 34.66855
1233 35.67655
1248 36.29530
2098 6f.5553
2099 89.0909
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temperature and heat of fusion were taken from the MATPRO-11, Revision 2
PHYPKP subcode anda do not include the effect of oxidation on these

quantities.

For temperatures greater than 2099 K, an enthalpy consistent with a

constant specific heat capacity above 2099 K is calculated by omitting the
third term on the right hand side of Equation (B-1). Table B-3 lists
engineering estimates for the expected standard error of the enthalpy pre-

dicted by CENTHL with a reference temperature of 300 K.

Zircaloy oxide specific heat is modelec by the ZOCP function with the

following expressions which were taken from Reference B-1:

o

For temperatures between 300 and 1478 K (monoclinic Zr02).

565 + 6.11 x 1072 T - 1.14 x i0*” 12 (B-2a)
For temperatures in the range 1478 < T < 2000 K (tetragonal Zroz),
604.5 . (B-2p)
For temperatures between 2000 and 2973 K (tetragonal and cubic Zroz).
171.7 + 0.2168 T . (B-2¢)
For temperatures above 2973 K (liquid ZrOz),

815 J/kg*K . (R.2d)

where

Cp - specific heat of zircaloy oxide (J/kge*K)




TABLE B-3. UNCERTAINTY OF ZIRCALOY ENTHALPY

Temperature Range Expected Standard Error of CNTHL
(K) (fraction of predicted value)
300 < T < 1090 0.03
1090 < T < 2656.67 3 x 10-4 (7-1090) +0.03
2656.67 < T 0.5

30



temperature (K).
The several equations correspond to the several phases of Zroz.

Zircaloy oxide enthalpy is modeled in the ZONTHL function with the
integrated version of Equations (B-2a) to (B-2d), estimates of the changes

of enthalpies at the phase chagesa’b, and an estimate of the heat of

fusion of ZrOz.c

For temperatures between 300 K and 1478 K (monoclinic Zr02):

HO (T) - H® (300) = 565 T + 3.055 x 1072 T

+ 1.18 x 107 1V - 2.102495 x 10° (B-3a)

For temperatures in the range 1478 < T < 2000 k2 (tetragonal ZrOz),

e (T) - H® (300) = 604.5 T - 1.46 x 10° . (8-3b)

For temperatures between 2000 and 2558 K (tetragonal and cubic Zroz),

HO (T) - HO (300) = 171.7 T + 0.1082 T + 2.868 x 10° . (8-3¢)
For temperatures in the range 2558 < T < 2973 Kb.

2

Ho (1) - H® (300) = 171.7 T + 0.1082 T + 3.888 x 0° . (B-3d)

a. Monalinic to Tetragonal transition aH = 48,200 J/kg.
b. Tetragonal to Cubic transition aH = 102,000 J/kg.

¢. Heat of fusion = 706,000 J/kg.




For temperatures >2973 K (liquid ZrOZ)a

HO (T) - WO (300) = 815 T + 1.39 x 10° (B-3e)
where

H® (T) enthalpy of zircaloy oxide at temperature T (J/kg).

oxide temperature (K).

-
"

The principal contribution to the expected standard error of the
enthalpy and specific heat capacity predictions for cladding oxide is not
the uncertainty of tne correlations for er2 because Cp measurements are
typically accurate to several percent. It is the probability that the oxide
film that appears on cladding differs significantly from the ZrO2 used to
produce the correlations. The oxide is substoichometric and has enough
stress from the volume expansion during oxidation to cause significant
changes of the phase transition temperatures.(e'z) Therefore, a rela-
tively large expected standard error of #0.2 times the given values is
suggested for both the predictea specific heat capacity and enthalpy of

zircaloy oxide,

Tables B-4 to B-6 are listings of the CENTHL, ZOCP, and ZONTHL func-
tions. A code-generated plot of zircaloy enthalpy change as a function of
temperature is presented in Figure B-2. The specific heat capacity pre-
dicted with the ZOCP function is shown in Figure B-3. Comparison of the
predicted specific heat capacity with data reported by Gilchrest,(8'3)
which are reproduced in Table B-7, suggests an expected standara error of
+150 J/kg*K. Figure B-4 is a plot of the zircaloy oxide enthalpy predicted
with the ZONTHL function. The numerous Steps are heats of transitions for
the several phase changes of zircaloy dioxide.

a. Heat of fusion = 706,000 J/kg.
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TABLE B-5. LISTING OF THE ZQCP FUNCTION

OOOOOOOOOONHD

FUNCTLION ZOCP(Z0TENMP)

LUCP RETURNS THE SPECIFIC ™ APACITV AT CONSTANT

PEESSUKE FCR ZIRCALOY CLADOIN 8

2ace = CUTPUT ZIRCALOY CLADDING OXIDE SPFCIFIC HEAT
(J7(KG*K))

ZOTEMP = INPUT CLADDING OKXIDE TEMPERATURF (K)
L0CY WAS CODED 8Y D, Le HAGRMAN MARCH 1982

TF(ZOTeMP JLE. 30G.) THEN
ZLC? = 56,6633

SE
Ir(ZUTENP .gT
b
P
=

16478,) THEN
¢ 6411lc=02%Z0TEMP =1.14F+07/(Z0TENP*#2)

20004) THEN

ZOCP = ©
IF(ZOTEM
C
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TABLE B-6. LISTING OF THE ZONTHL FUNCTION

OOCCCOOCE C OO

o

10

FUNCTIUN ZONTHL(ZOTEMP, RFTEMP)

LONTHL RETURNS THE CHANGE IN ENTHALPY NF ZIRCALOY OXIDE
OUKING A COUNSTANT PRESSURE CHANGE IN TEMPERATURE

FRUM RFTEMP TO Z2OTENF.

ZONTHL = OUTPUT CHANGF IN OXIDE ENTHALPY (J/KG)

ZUTEMP = INPUT CLADDING OXIDE TEMPERATURE (K)
Rt TEMP = INPUT REFFRENCE TEMPERATURF (K)

ZONTHL wAS CODED BY Do L. HAGRMAN MARCH 1982

T = RFTEMP
N = -]

XI
s 4

= 300.)

o 0 o W
U~
wmm

- M

=02%T )4 (1.14E+07/T)=2,102455L+05
HEN
)

- AN e
o O W™ -~
-
-
I~ uwx

SO +e

46E+05

THEN
* Uel0B2#T) ¢ ?2,96BE+05

L)
~ o
- ON e T ®y

0N

e
N e
O ~Ne

b 4
L]
-
-
-~
—
N

73.) THEN
. <k 1.7+ 0.1082¢T) + 3,8B8RE+0%

H o= T®315, + 1,39E+05
%:DIF

[FIN LTs C) THEN

N = N + 2

HK = H

T = ZUTEMP

60 Tu 10

t
ICNTHL = H = HR
IFN

.~

mom m
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; TABLE B-7.

LIHCALOY
GILCHRIST

EL%DDING OXIDE SPECIFIC HEAT CAPACITY DATA FROM

e+ s

Temperature
sz
324
348
377
422
462
500
598
698
801
899
945
975

1004
772
373
774

1272
325

399

Specific Heat Capacity

(J/kgeK)

Comment

462
481
486
402
510
523
543
566
569
592

486

36

Measured
Measured
Measured
Measured
Measured
Measured
Measured
Measured
Measured
Measured
Measured
Measure’
Measured
Measured
Measured
Measured
Measured

Reported

by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Gilchrist
by Smithells
by Washburn

by Washburn

by Washburn

by Gilchrist

as data from "Ther-
mophysical Properties

of Solid

Reported

Material"

by Gilchrist

as data from "Ther-
mophysical Properties

of Solid

Material"



TABLE B-7. (continued)

——

Temperature Specific Heat Capacity

(K) (J/kg*K)

494 510

790 576
1198 606
1358 612

Comment

Reported by Gilchrist
as data from "Ther-

mophysical Properties
of Solid Material"

Reported by Gilchrist
as data from "Ther-
mophysical Properties
of Solid Material"

Reported by Gilchrist
as data from "Ther-
mophysical Properties
of Solid Material"

Reported by Gilchrist
as data from "Ther-
mophysical Properties
of Solid Material”

Reported by Gilchrist
as data from "Ther-
mophysical Properties
of Solid Material”

Reported by Gilchrist
as data from "Ther-
mophysical Properties
of Solid Material"
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Figure B-2. Zircaloy enthalpy as a function of temperature.
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CLADDING THERMAL CONDUCTIVITY (CTHCON, ZOTCON)

CTHCON and ZOTCON return zircaloy and zircaloy oxide conductivity,
respectively. The only input information required is the temperature of
the material.

Fxtension of the MATERO-11 Revision 2 correlations for zir_aloy thermal
conductivity to high temperatures required only consideration of the effect
of melting on thermal conductivity. No cata for liquid zircaloy thermal
conductivity have been found but Nazare, Ondracek, and Schu1>(8") have
reported that the ratios of solid state conductivities to ligu.d state con-
ductivities at the melting temperatures for metals like zircalcy with eight
nearest neighbor atoms 15 1.6 ¢ 0.2.% Since the solid state conduc-
tivity predicted by tne CTHCON function is 58 W/meK, the liguia state con-
ductivity shoulu be about 36 + 5 W/m*K. The modified CTHCON function

therefore uses

K=236¢%5 (B-4)

K = thermal conductivity of zircaloy (W/meK).

The MATPRO-11 Revision 2 function for zircaloy oxide conductivity has
been completely reformulated because:

1. The third degree poliynomial used to calculate conductivity pre-
dicted a non-physical decrease in conductivity for temperatures
above 1900 K.

a. Tne body centered cubic lattice of beta phase zircaloy has eight nearest
neighbors.
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2. The points shown in Figure [-2.2 of the MATPRO docurent and used
as data were not data. They were smoothed-curve predictions

deduced from data of Adams.(B's)

3. The ¢wothea-curve predictions corrected the data to a theoretical
agensity of 6100 Kg/up, a value which 1s inconsistent with the
MATPRO-11 Revision 2 density of 5820 kg/m3 for oxide fiins.

4. The material used by Adams was “"stabilized Zrof‘“(B'G) a
ZrO2 base material to which Ca0, Y203, or Mgl ha?ngﬁn added
to cause the material to have a cubic structure, Since
unstabilized ZrO2 has a monoclinic structure below 1478 K and a
tetragonal structure from 1478 to 2000 K, the ronductivity of the
stabilized ’1r02 may be significantly different from that of the

unstabilizeu zircaloy oxide.

5. An accurate value of ox>de thermal conductivity is probably
importani to accurate calculations of the peak cladding tempera-
ture during the rapid heating of cladding aue to oxidation that
occurs at high temperature.

Data from the one sample that Adams reports are presented in Table B-8.
Additional sources of data are Maki,(B'B) Lapshov and Bashkatov,(B’g)
and Gilchrist.(B'B)

Data of Maki from *wo s-n2les oxidized in stea: are reproduced n
Table B-9. The data cover a small temperature range and show a sharp
increase in conductivity between 400 and 500 ~. The principal recommenda-
tion for the data 1s that they were taken with black oxide from zircaloy
tubes. Two data attributed to ¥>ldman by Maki are also shown in the table.

:’2



TABLE B-8. STABILIZED ZIRCALOY DIOXIDE THERMAL CONDUCTIVITY DATA FROM

ADAMSB=5
Temperature Thermal Conductivity T.C. Corrected to 5820 kg/m3
(K) (W/meK) (W/meK)
370 1.69 1.88
460 1.69 1.88
547 1.70 1.89
641 1.78 1.98
698 1.73 1.91
743 1.74 1.93
817 1.74 1.93
882 1.74 1.93
945 1.76 1.95
993 1.79 1.98
1059 1.78 1.97
1123 1.79 1.98
1187 1.86 2.06
1245 1.89 2.09
1285 1.95 2.16
1305 1.92 M |
1329 1.93 2.14
1338 1.94 2.15
1354 1.96 2.17
1390 1.96 2.18
1405 1.99 2.20
1427 1.98 2.19
1440 2.02 2.24
1448 2.08 2.3%
1480 2.01 2.23
1485 2.03 2.25
1505 2.01 2.23
1554 2.01 2.23
1566 2.02 2.24
1583 2.01 2.23
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TABLE 8-9. ZIRCALOY OXIDE THERMAL CONDUCTIVITY DATA REPORTED BY MAK]B-8

Average ot [nside and

Qutside Temperature Thermal Conductivity

(K) (W/meK) Comment

401 0.70 Sample 4

434 4.78 Sample 4

488 6.35 Sample 4

536 5.41 Sample 4

588 5.45 Sample 4

400 1.07 Sample 5

437 4.50 Sample 5

490 5.76 Sample 5

536 6.11 Sample 5

589 6.27 Sample 5

373 0.90 Data from Waldman
373 1.35 Data from Waldman
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The data of Lapshov and Bashkatov are presented in Takle B-10. These
data are from fiims formeu by plasma sputtering of zirconium dioxide on
tungsten substrates. Since sputtered coatings are quite porous and may not
be very adherent to tne substrate, these data may not be representative of
zircaloy cladding oxide conductivity,

Table B-11 presents the data of Gilchrest. Two types of oxide films
were employed, one nodular cxide and the other a black oxide characteristic
of the kinds of layers usually reported in high temperature tests wiih
cladding. The black oxide thermal conductivities are much lower than the
nodular oxide thermal conductivities and both kinds of oxide have concuc-
tivities which are significantly lower than the stabilized zircaloy dioxide
conductivities reported by Adams. Considerable uncertainty 1s reporied by
Gilchrist because of difficulty in measuring oxide f®im thickness.

Figure B-5 is a plot of the data in Tables B-8 to B-11. Tne plot shows
that with the exception of the anomalously high data of Maki the principal
uncertainty in therwel conductivity is caused by sample-tu-sample varia-
tions. Measurement inaccuracies with any one sample are much smaller than
sample-to-sample variations. [t is also clear from an inspection of
Figure B-5 that the slopes of the measurements on individual samples are
quite consistent., The difference between the various samples is essentially
a displacement of a line with a constant slope.

The slope of the thermal conductivity of a given sample was determined
with a least squares linear fit to the data of Adams. These data were used
because they extend over a large temperature range and were made with the
most accurate epxerimental technique. The equation which results from this
fit is

-4
Kyrp, = 167 + 3.62 x 10771 (B-4)

4
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TABLE B-10. ZIRCALOY DICXIDE THERMAL CONDUCTIVITY CATA OF LAPSHOV AND

BASHKATOV B~
Temperature Therma! Conductivity
(K) (W/meK )
571 0.509
618 0.636
647 0.508
654 0.627
664 0.715
684 0.474
721 0.052
739 0.448
755 0.441
771 0.558
802 0.430
817 0.512
827 0.505
855 0.456
882 0.522
929 0.477
969 0.506
984 0.509
999 0.509
1006 0.472
1050 0.509
1071 0.522
1088 0.493
1097 0.587
1104 0.527
1162 0.563
1189 0.636
1201 0.577
1220 0.555
1250 0.623
1302 6.623
1354 0.577
1366 0.661
1380 0.663
1491 0.708
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TABLE B-10. (continued)

Temperature Thermal Conductivity
(K) (W/meK)
1527 0.656
1558 0.717
1626 0.801
1638 0.776
1685 0.788
1735 0.854
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TABLE B-11.

ZIRCALOY OXIDE DATA OF GILCHRISTB-3

Temperature
EEREL | T—

297
608
712
806
854

916
983
1043
1193
1260

1327
1386
1450
299
65Y

733
806
867
944
1018

1141
1222
1246
1326
1425

Thermal Conductivity
(W/meK )

1.354
0.955
0.958
1.048
1.060

1.090
1.163
1.242
1.443
1.407

1.393
1.487
1.586
0.324
0.137

0.160
0.192
0.219
0.271
0.410

0.606
0.825
0.864
0.743
0.700

Comment

Black
Black
Black
Black
Black

Black
Black
Black
Black
Black

Black
Black
Black

oxide
oxide
oxide
oxide
oxide

oxide
oxide
oxide
oxide
oxide

oxide
oxide
oxide

Nodular oxide
Nodular oxide

Nodular oxide
Noduler oxide
Nodular oxide
Nodular oxide
Nodular oxide

Nodular oxide
Nodular oxide
Nodular oxide
Nodular oxide
Nodular oxide
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Figure B-5. Zircaloy oxide thermal conductivity data and correlations.



where

KZrOZ = Zzircaloy dioxide thermal conductivity (W/meK).

Since the black oxide data of Gilchrest are the most representative of
the oxide found on clauding, Equation (B-4) is modified for zircaloy oxide
by dividing the right hand side by two. The resultant expression is

K, = 0.835 + 1.81 x 1081 (B-5)

where
K = zircaloy cladding oxide thermal conductivity (W/meK).

Values ot KZrO and Ko calculated with Equations (B-4) are shown with
2
the gata in Figure B-5. Inspection of the figure suggests an expected
standard error of $0.75 of the measured value for Ko' For material that
is known to be Zr02. the expected standard error is much less, approxi-
mately 10% of the value of KZrOZ‘

For liguid zircaloy oxide (temperature >2973 K) the conductivity is
assumed to be approximately the value of Ko at the melting temperature of
Zr02:

Ko = 1.4 W/meK . (B-6)
liquid

This number is a compromise between the decrease in conductivity at melt due
to the loss of the phonon contribution and the incresse in conductivity at
melt due to the loss of porosity.

Tavles B-1¢ and B-13 are listings of the CTHCUN and ZOTCON functions.

Figures B-6 and B-7 are plots of the conductivities predicted by the func-
tions as a function of temperature.
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TABLE B-12. LISTING OF THE CTHCON FUNCTION

SUBRUUTINE CTHCON(CTEMP,CCON,CDKDT)
CTHCOUN RETURNS ZIRCALNY THcRMAL CONDUCTIVITY

CSDN s QUTPUT THERMAL CONDUCYIVITY OF Z1IR
LODKDT

ALTY (w/ (M*K))
= UUTPUT DERIVATIVE OFTHERMAL CONDUC zz;;v

wIiTH RESPECT TO TEMPERATURE (W7 {M*K

OO OOCOC OO

CTEMP = [NPUT CLADDING TEMPERATURE (K)
CTHCON WAS COUDED BY Re Le MILLER DECFMBRFR 1975
LAST m FIcD BY De Le HAGRMAN MARCH 1982
LF(CTLMP oLTe 20984) THEN )
CCON = 7,511 + CTcMP#(2.088E=42 ¢ CTEMP#(=1,.45E=-05 +
u CTEH9¢7.c64¢-99))
tLstE:DKDT 2 2,08BE=CZ ¢ CTEMP#(=2,GE=05 ¢ CTEMP*2,3E~-(08)
CCCN = 3bo
COKDY = (.0
SNQLF
FTURN
END
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TABLE B-13.

LISTING OF THE ZOTCON FUNCTION

C OO0

FUNCTION ZOTCONCZOTEMP)
ZOTCON RETURNS ZIRCALOY

I0Cv = QUTPUT THERMAL
ILCALCY OXIDE

LCTEMP = INPUT CLADDING

ICTCON WAS CODED AY R,
LAST MUDIFIFD BY De Lo

.
IF(ZUTEMp oLT. e 72.

) T
ZOTCON = 0,835 T

OXIDE THERMAL CONDUCTIVITY

CONDUCTIVITY OF
(W/7(M*K))

OXIDE TEMPEPATURE (¥)

MILLER IN MARCH 1974
GRMAN MAKRCH 1982

A
£N
MP * 1.81E=04
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CLADDING THERMAL EXPANSION AND DENSITY
(CTHEXP, CDEN, ZOTEXP, ZODEN)

The subroutine CTHEXP calculates the three principal strains for zir-
caloy. CDEN returrs zircaloy density. ZOTEXP and ZODEN compute zirca’oy
oxide thermal strains and density, respectively. The required input for
CTHEXP is texture information (needed because the thermal strains are aniso-
tropic), a reference temperature (for which the strains will be zero), and
the cladaing temperature. ZOTEXP requires a reference temperature and the
oxide temperature. CDEN and ZODEN require only temperature.

To extend the MATPRO-11 Revision 2 CTHEXP subrou:iine to high tempera-
tures, consideration of the volume change associated with melting is
required. Since no data have been found, a typical 2% volume increase at
melt 15 assumed. The expressions used for the thermal strain in liquid
zirconium (temperatures >2098 K) are thus

e, =5 e+ gegy + 0.0067 (8-6)
where
€, = thermal expansion strain in liguid zircaloy (m/m)
€11 = circumferential thermal expansion strain of a single
srystal of zirceloy at 2098 K (m/m)
€33 = axial thermal expansion strain of a single crystal of

zircaloy at 2098 K (m/m).

fquations (B-4.3) and (B-4.4) of the MATPRO-11 Revision 2 handbook are
used to calculate €11 and €33




The COEN function determines zirconium density from room temperature
date and the tnermal expansion strains calculated with the CTHEXP sub-
routine, By definitiun

- ;? (8‘7)

where

density (kg/m3)

p =
m = mass of a sample of material (kg)
v = volume of the given mass of material (m3).

Thermal expansion changes only the volume. The volume is related to a
reference volume by

V = v0 exp e exp cy expe, (6-8)
where

A volume of the mass m when strains are zero (m3)

€xr €40 €, = true strains for any orthoginal coordinate

system (m/m).
Substituion of Equation (B-8) into Equation (B-7) shows

o < b, €xp “‘x) exp (-cy) exp (“z) (B-9)
where

o = the density at any reference temperature (kg/m3).

Since thermal strains are always much less than one,
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p.po(I-ex-ey-ez) ‘ (8-10)

The three orthoginal strains are provided by CTHEXP and the reference
density used is the value of 6.55 103 kg/m3 at 300 K reported by
Scott(s'lo). This value is consistent with the high temperature value of
6490 kg/m3 often used in the MATPRO document. The predicted zircaloy
thermal strains are estimated in MAPTRO-11 Revision 2 to heve an expected
standara error near 0.)1 of their predicted valves for temperatures below
1090 K ana 50% for higher temperatures.

Expressions used in ZOTEXP to calculate the thermal strains of solid
zirconium oxide are taken from Reference B-1:

For temperatures between 300 and 1478 K (monociinic Zr02).

¢ =7.8x10°71-2.38x 107, (B-11a)

and for tempcratures in the range 1478 < T < 2973 (tetragonal and cubic
Zr02)

e, = 1.302 x 107° T - 3.338 x 1072 (B-11b)

where

€, = linear thermal strain of zircaloy oxide (m/m).

These expressions show a 7.7% decrease in volume at the monoclinic-
tetragonal phase change (1478 K).

For liquid zirconium oxide a 5% reduction in volume is assumed when the
oxide melts. 1This assumption corresponds to the assumption that the 5%
porosity of the oxide is removed when it melts. The resultant expression is

e =<l n 10°° (8-12)

0
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for temperatures greater than or equal to 2973 K.

Equations (B-1la) to (B-12) are also used in ZODEN to calculate the
density of zircaloy oxide. The relation employed is

b =0, (1= 3€) (B-13)

where

Zirconium oxide density at the given temperature (kg/m3)

® o = zirconium oxide density at 300 K (kg/m3).

The value of o used is the density of black oxide reported by

Gilchrlst,(8'3) 5800 kg/m3.

The expected standard error of Equations (B-1la) and (B-11b) is large,
the greater of half the predicted value or +5 10'3. because the equa-
tions are baseu on zircaloy dioxide data. The cladding oxide is not only
substoichiometric but is formed under large stress because of the different
densities of the oxide and the zircaloy on which it is formed.

Tables B-14 to B-17 are listings of the CTHEXP, CDEN, ZOTEXP and ZODEN
subcodes. Figure B-8 1s a plot of the circumferential axial and radial
thermal strains predicted by the CTHEXP subroutine for zircaloy for cladding
with typical texture (COSTH2 = 0.71013 and COSFI2 = 0.69177) and a reference
temperature of 300 K. Figure B-9 shows the zircaloy density predicted by
COEN. The zircaloy dioxide thermal strains predicted by ZOTEXP are shown
in Figure B-10 and the density of the oxide predicted by ZODEN is illustra-
ted in Figure B-11. zro, thermal expansion data by Fulkerson8'1] and
from pages 17 and 70 of Brassfield et al..B']2 are listed in Tables B-18
and B-19 anu included in Figure B-12 so that they may be compared with code

predictions.
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LISTING OF THE CTHEXP SUBROUTINE

TABLE B-14.
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1.09822¢C0S((T=1083,0)%3,141593/7161.0))

£e=0
STR§11 + 0e33 ¢ S5TR333 ¢ 0,0067

=03

(continued)
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TABLE B-15. LISTING OF THE CDEN FUNCTION

OO0 O

FUNCTION COEN(CTEMP)

CDEN RcTUKNS THE OENSITY OF ZIRCALOY CLlDDlNG
CDEN = OQUTPUT ZIRCALOY DENSITY (KGIH“3)

CTEMP = INPUT CLADDING TEMPERATURE (K)

THE SURROLTINE CTHEXP IS CALLED BY THIS FUNCT!ON
CUEN WAL CUDFED BY Ds Le HAGRMAN MARCH 1982

CALL CTHEXP(O. 33-0.DpCTEhP;3J0ooSTRNl§DSTRN 22» STRN33)
sg 8 s 6455403 ¢ (1. = STRNI] = TRN33)
END
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TABLE B-16. LISTING OF THE ZOTEXP FUNCTION

FUNCTION ZUTEXP(ZUTEMP,RFTENP)

% JOTEXP RETURNS THE THERMAL eXPANSION STRAIN OF
E ZIKCALOY CxIDE
E JO0TEXP = DUTPUT ZIRCALOY OXIDE THERMAL EXPANSION (M/M)
C ZUTeMP = INPUT CLADPDING OXIDE TEMPERATURE (x)
t RFETEMP = INPJT REFFRENCc TEMP:-KRATURE (K)
t JUTEXP WAS CODED BY De Le HAGRMAN MARCH 1982
T = RFTIEMP
C KX
v IFLTY ol Te 1470+ ) THEN
EPS = T % 7,85=yh = 2,34E-33
ELSE
IF(T eLTe 2973.) THEN
LS o = ] ¢ 1.302‘-05 - 3,330¢e=N2
t
EPS » =1.1E-02
ENDIF
: ENDLF
‘
lf(N QLTO 0) THEN
- Z
PSR B
= 107 HP
Sgﬂ T0 10
JOTEXP = ¢PS = EPSR
ENDIF
RETUKRN
END

62



TABLE B-17. LISTING OF THE ZODEN FUNCTION

OO COOOONOC,

FUNCTIUN ZUDFEN(ZOTEMP)

IONEN RETURNS THE DENSITY OF ZIRCALOY NYIDE
ZUDEN = (OUTPUT ZIRCALOY OXIDE DENSITY (KG/M*#%3)
I0TEMP = INPUT OXIiDE TEMPERATURE (K)

THE FUNCTICN ZN0TzxP IS CALLeD BY THIS FUNCTION
Z0DEN WAS CNDED AY Do Le HAGRMAN MARCH 1982,
INTEXP(ZITEMP, 330.)

-
s = 5.,86403 * (1., - 3, % EPS)

ePS
ZUDk
RETURN
END
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TABLE B-16. ZIRCALOY DIOXIDE THERMAL EXPANSION DATA BY FULKERSONB-11

Temperature
M |
89
473
671

673
773

818
922
1019
1119
1222

1308
1330
1249
1369
1390
1430

1450
1466
1487
1508
1529
1550
1571

Thermal Strain
(1073 w/m)

0
1.34

NO ;LS D
-
Mooy NO
- CA) wae OO N

~N 0O oo
g o r
w
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TABLE 8-15. ZIRCALOY DIOXIDE THERMAL EXPANSION DATA FROM
BRASSFIELD ET AL.5-12

Thermal Strain

Temperature -3
(K) (10" m/m)
300 0
537 2.1
778 3.7
1031 5.05
1238 7.35
1383 9.10
1488 -1.8
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CLADDING ELASTIC MODULI
(CELMOD, CSHEAR, CELAST, Z0EMOD, Z0PQIR)

The only change required to extend the MATPRO-11 Revision 2 zircaloy
elastic moduli subcodes to nigh temperature is a logic branch that sets the
moduli to zero (actuaily 1.0 x 10']0 is used to avoid dividing by zeros)

aiove the melting temperature, 2098 K.

Young's modulus for zircaloy uxide is returned by the ZOEMOD function.
Or1de temperature and oxide oxygen-to-metal ratio are the only regquired
1puts. The function uses the following correlation to calculate the
modulus for temperature between 300 and 1478 K (monoclinic phase):

v, = -3.27 x 10" T+ 1637 x 10" . (B-14a)

For temperatures in the range 1478 < T < T¢, (tetragonal and cubic

phase)

Y, = -8.024 x 1071 + 2.255 x 10" . (B-14b)

For temperatures greater than TSOL

¥, ™ 1 (B-14c¢)
where

Y0 = Zzircaloy oxide Young's modulus (Pa)

T = oxide temperature (K)

TSOL = zircaloy oxide solidus temperature (K). Obtained from the

LUPRP subroutine.
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Tne equations are least squares fits to data from page 89 of
Refercnce #-12. Table B-20 reproduces the aata and Figure E-13 shows the
data ang values of Y calculated with the ZOEMCD function. The function
sets Y = |1 Pa for temperatures above 2810 k wnere Equation (B-14b) would
predi;i a negative modulus. Since so few data are avaiiable, a large

expected standard error of +0.2 times the predicted value 1s recommended.

JOPUIR returns a constant value, 0.3, for the Poisson's ratio of solid
zircaloy oxide and 0.5 for the ratio of liquid oxide. No data for these
ratios have been found. Tne number .3 i1s merely typical of many solid
materials and 0.5 is the constant-volume, isotropic material value of
Poisson's ratio. The expected standard error is therefore large, 0.2

Tables B-21 to B-25 are listings of the CELMOD, CSHEAR, CELAST, ZOEMOD
and LOPOIR subcodes. Figures B-14 to B-18 are plots of the quantities pre-
dicted by these subcodes. For CELAST the following typical texture coef-
fieients were input:

CO5THZ s 0.71013
COSTH4 = u.55578
COSFIZ = 0.69177
COSFI4 = 0.58836 .
CTSCF? = 0.47126
CT2CFZ = 0.39473
CTA4CF? = 0.35503
CT4CF4 = 0.29320
CLADDING MECHANICAL LIMITS AND EMBRITTLEMENT

(ZOR!P )
No modifications are reauired for the MATPRO-11 Revision 2 zircaloy
cladding mechanical limits and embrittlement subcodes. The function ZGRUP

reiurns zircaioy oxide failure stress as a function of temperature.

The correlations used to calculate the oxide failure stress are listed

below:
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TABLE B-20. ZIRCALOY DIOXIDE
BRASSFIELD ET AL.

EOQQLUS OF ELASTICITY DATA FROM

Tem: rature

Elastic Modulus

TV (10" pa)
1323 11.38
1453 10.89
1498 10.48
1563 10.10
1633 9.41

Comment

Monoclinic phase
Monoclinic phase
Tetragonal phase
Tetragonal phase

Tetragonal phase
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74



LISTING OF THE CELMOD FUNCTION
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(continued)

TABLE B-21.
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LISTING OF THE CSHEAR FUNCTION

B-22.
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(continued)

TABLE B-22.
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TABLE B-24., LISIING OF THE JCEMOD FUNCTION
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JATE™D g MDY »~) ANRNING nylpe 'G~p¢p.vu‘ (K
y e INPT WWVGFNTI-MFTAL ©OATID tltgnﬂ élvGFN:

ATrer ifv’l‘

THE SUR2OCTIAE 77905 7€ CALLER BY THIS FUNCTICON

RO IS Tl T Ta T "y Yoo T N
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TABLE B-25. LISTING OF THE ZOPOIR FUNCTION

FUNCITON Z2OP0IR( 70T 40 YE)
IOPOIwk =cTUKRNY THt 2JISSINS RATIO OF ZIRCALADY JXINE
Z0P0IR JUTPUT ZIRCALOY CLAD)IING UXIDE POISSINS 2ATTN (M/M)
ZOTEMP = TA4PUT CLADOING IXIDE TEMPERATURE (X)
YE = [APUT OXYGrN=-TO-McTAL RATT] (ATOMS JXYGEN/
ATUMS MiTAL)
THE SUBPIUTINE ZOPRP IS CALLED 8Y THIS FUNCTION
ZAPOLR WAS CUUzZD BY De Le HAGRMAN MARCH 1982
CALL ZOPRPUYESLZ U>ULsZULIQy2ZOTC,Z0OMT)

{ TEMP JLEs ZISUL) THEN
POIR = Q43
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POYOYTAITHION

OIOIOIOITN 3

m
SN TN
ﬁ"u (] &
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N

MmO .
Z2mE r 11
- w»
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Zircaloy Young's modulus for randum texture.
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Figure B-15.

Zircaloy shear modulus for random texture.
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For temperature in the range 300 < T < 1200 K (monoclinic phase of
1r02).

S, = 96.28 x 0" . (B-15a)

For temperature between 1200 and 1478 X (monoclinic phase of Zroz).

S, = -5.06 108 1+ 1.57 x 108 . (B-15b)

For temperature in the range 1478 < T < 1869.4 « (tetrazunal and
cubic phases of ZrUZ),

S = <2.07% x 10° T + 3.889 » 10° . (B-15¢)
For temperature in the range 1869.4 < T < TSOL’

R A (B-15d)
For temperature > TSOL

5= 0 . (B-i5e)

where

SB = circumferential or axial stress on the oxide at failure (Pa)
T = oxide temperature (K)
TSOL = zircaloy oxide solidus temperature {K) (Obtained from the

ZUPRP subroutine).
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fhese correlations are tits to the three ZrO2 tensile strength data
reported in Table 2 on Page 89 of Reference i7. The data are shown in
Table B-26 and are compared with tic correiation values in Figure B-19,

The values and shape of the curve are similar to the values and shape
of the more extensive data for U02 failure. [n the temperature range of
the data the oxide failure stress is about three times the failure stress
of zircaloy. In spite of these similarities, the very limited data used to
construct the expressions for oxide failure stress suggest a large expected
standard error for the correlation, 0.7 times the predicted value.

Table B-27 is a listing of the ZORUP function and Figure B-20 is a plot
of the failure stresses returned by the function.

CLADDING MELTING AND PHASE TRANSFORMATION TEMPERATURES
(CHYPRP, ZOPR®? )

The subroutine CHYPRP calculates zircaloy phase transition temperatures
of interest in light water reactor analysis. The equations used are from
the MATPRO-11 Revision 2 PHYPRP, PSOL, and PLIQ subcodes. The only required
input 1s the oxygen concentration in the zircaloy. CQCutout temperatures are
the solidus (appearance of the first iiquid phese), ligquidus (melting of the
last solia phase), alpha to alpha + beta phase boundary, and alpha + beta
Lo beta phase boundary.

ZOPRP returns transition temperatures between the monoclinic, tetra-
goral. cubic, and liquid phases of zircaloy oxide. The oxygen-to-metal
ratio of the ~xide is required input. The monoclinic-to-tetragonal and
tetragonal-to-cubic transition temperatures are constants which have been
reported by Reference B-1 for er2 (1478 and 2558 K). They are assumed
to apply to zircaloy oxide in spite of the fact that the oxide is sub-
stoichiometric and may be under significant stress. The solidus and
liquidus temperatures are calculted as a function of oxygen-to-metal ratio

using the equations in Tables D-3.1 and D-3.11 of the M TPRO-11 Revision ¢
hanubook .
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TABLE B-26. ZIRCALOY DIOXIDE BqulLE STRENGTH DATA FROM
BRASSFIELD ET AL.P7

) Temperature Tensile Strength

() (10% Pa)
1303 91.2
1473 82.6
1813 12.7
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TABLE B-27.

DOV OICIOIOINOIIOICND

LISTING OF THE ZORUP FUNCTION

FUNCTION ZIRUP(ZOTEMP,YE
ZORYP RFETURNS ZIRCALAY D
20RYP = JUIPUT OXINDF FAQ
ZOTEM? = [NPUT CLADIING
YE = [4PUT ODXYGEN=TO
ATNMS MeTaAL)
THE SU3RIUTINE Z0OPRP S

ZURY? WAS CODRZD AY Ds Lo

TFRCZOTEMP oLTe 1478.) TH
ZIRUP = L1437t 404 = 20
ELSE ,
[IFCZITEMP oL Te 1867.4
,Lsglaup * 3,449c¢08
k t
CA%%,ZJ’(P(Yr.ZJSG
IFCZOTEM? JLE. 20§
INRUP = ]1,.0E+06
ELSE
ZJRU" = OOJ
ENDIF
ENDIF
ENDIF
RETURN
FND

)

XIOE FAILURE STRESS

LURE STRESS (»a)

IX[De TEMPERATURE (K)

METAL RATIU (ATOMS JXYGENY
CALLED 3y THIS FUNCTION
HAGRMAN MARCH 1982
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Figure B-20. Zircaloy oxide failure stress calculated with
the ZORUP function,
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Tables B-z8 and B-29 are listings ot the CHYPRP and ZOPRP subroutines.
figures B-21 and B-22 show the predicted solidus and liquidus temperatures

as a function of oxygen concentration or oxygen-to-metal ratic. Tne alpha
to aipha plus beta anu alpha plus beta to beta phase boundaries are also
shown in Figure B-21.

Table B-30 has been prepared to show the relation between four popular
parameters used to describe the oxygen concentration in zircaloy. The first
column gives the excess oxygen fraction parameter, DELOXY. The second
column shows correspending values for the total weight fraction of oxyger,
assuming an at-received oxygen concentration of 0.0012 by weight. The third
column presents corresponding values of the atomic fraction of oxygen in the
compound which is related to the weight fraction of oxygen in zirconium
oxide by the eguation

WFUX
R (F()) [ : b0
where
X = atomic fraction of oxygen in zircaloy oxide (atoms of 0/atoms
of conpound)
WFOX = weight fraction of oxygen in zircaioy oxide (kg of O/kg of

compound) .

The fourth column gives the corresponding values of the oxygen-to-metal
ratio, YE. This ratio is related to the atomic fraction of oxygen by

YE e (B-17)

]

The first row of numbers in Table B-24 represent as-received zircaloy
cladding. The eighth row represents the solubility limit of oxygen in alpha
phase zircaloy near the melting point, and the final row represenis

Zircaloy dioxige,
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LISTING OF THE CHYPRP SUBROUTINE

TABLE B-28.
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TABLE B-29.

LISTING OF THE ZOPRP SUBROUTINE

SUBYGUTINe 202RP(Y-p2TSU0La20LI0s2CTCH70NT)
L
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TABLE B-50. OXYGEN CONTENT PARAMETERS FOR ZIRCALOY

DELOXY@ X YE
[kg excess WFOX {atoms (atoms
0/kg Zr(0)] (kg O/xg Zr(0)] 0/atoms compound) 0/atoms metal)

0.0000 0.0012 0.007 0.007

U.0100 0.0112 0.061 0.065

0.0200 0.0212 0.110 0.124

0.0300 0.0312 0.155 0.183

0.0400 0.0412 0.197 0.245

0.0500 0.0512 0.235 0.307

0.0600 0.0612 0.271 0.372

0.0657 0.0669 0.290 0.4C3

0.2585 0.2597 0.66/ 2.000

a. As-received zircaloy is presumed to have 0.0012 wt fraction oxygen.
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APPENDIX C
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APPENDIX C

GAP GAS PROPERTIES

No change in the MATPRO-11 Revision 2 gap gas properties models is
required to extend them to high temper atures.
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APPENDIX D
NEUTRON ABSORBER PROPERTIES

A set of control rod neutron absorner properties for Ag-In-Cd alloys
(80% Ag, 15% In, 5% Cd by weight) and 84C has been prepar«:a to allow
modeling ot the possible flow and freezinc of these materials during a
severe core disruption. Properties for both substances have been included
in ¢:°h subcode. An input argument, [CTYPE, is used to determine which
substances properties are returned.

No models have been proviaged for mixtures of neutron absorbers and
their stainless steel cladding because it has been reported on page 4-38 of
Reference D-1 that the Ag-In-Cd alloy is insoluble in stainless steel and
because the very different melting temperatures of stainless steei (1700 K)
and B,C (2700 K) wake it likely that the stainless steel will oxidize or

4
melt and run away from hot reqions before 84C and stainless steel mix.

NEUTRON ABSORBER SPECIFIC HEAT CAPACITY AND FNTHALPY
(ACP, AENTHL)

The tunction ACP provides absorber specific heat capacities as a func-
tion of temperature. AENTHL returns the absorber enthalpies as a function
of temperature and a reference temperature for which the enthalpy will be

Lero.,

The expressions used for the specific heat capacity of Ag-In-Cd are
atomic traction weighted averages ot the specific heat capacities of Ag, In
and Cd

0.808 C + 0.143 € + 0.046 C
pmAgﬁ PP n Pleq
0.109 Kg/mole alloy




wNhere

Cp = alloy specific heat capacity (J/kgek)
= = = molar heat capacity of Ag (J/molesK)
p Ag
Cpm = molar heat capacity of In {(J/molesK)
In
Cpm = molar heat capacity of Co (J/mole*K) .
Cd

Expressions for the Ag, In, and Cad molar heat capacities up to tne
beginning ot melting, 1050 K, were taken from Table 2-24 of Reference D-2.
All are correlations of the form

Cpm =a+bx 10'3 x T +dx lO5 x T -2

where

Com molar heat capacity (J/role«K)

-
"

temperature (K)

and the ccostants a, ©», and d are listed in Table D-1. For temperatures
above 1050 K, Cp is assumed to be equal to its value at 1050 K.

The expressions usea for the specific heat capacity of 84C are
listea below:

For temperatures less than 2700 K,

C, =563 + T (1.54 - T2.94 T (D-3a)




TABLE -1, MOLAR HEAT CAPACITY CONSTANTS FOR COUATION (D-1) FROM
KREFERENCE D-2

a b ' d
Metal (J/molesK) (J/wolesk’) (JeK/mole)
Ag 21.3 4.27 1.51
In 24.3 10.5 0

Cd 22.2 12.3 0
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for temperatures >2700 K

Cp = 2577.740 . (D-3b)
Equations (D-3a) anu (D-3b) were developed from a curve given on
page 58 of Reference D-3.

Integrals of Fquation (D-2) (D-3a) or (D-3b) are used to compute
enthalpy changes in the AENTHL function. The heats of fusion which are
included in the AENTHL function are estimates. For Ag-In-Cd the heat of
fusion, 9.56 ]04J/kg. was estimated by multiplying the molar heats of
fusion of Ag, In, and Cd by *ne atomic fraction of each element in the alloy
and div - .ng the sum by 0.109, the weight of a gm-mole of the alloy in kilo-
grams. The elemental heats of fusion were obtained from Tables 2 through
24 of Reference D-2. For 84C the heat of fusion was taken to be that of
00,, 2.74 10° J/kg.

Tables D-2 and D-3 are listings of the ACP and AENTHL functions. The
preaicted valves of specific heat capacity and enthalpy for Ag-In-Cd and
Bac arc 11lustrated in Figures D-1 Lo D-4. The precictions are expected

to have a standard error near 0.1 of their value.

NEUTRON ABSORBER THERMAL CORUUCTIVITY
(ATHCON)

Tne only input required by ATHCON to calculate the thermal conductivity
of BQC or Ag-In-Cd 1s the absorber temperature.

Tne expressions used for Ag-In-Cd are listed below:
For temperature in the range 300 < T < 1050 K,

1 5

ko™ 2.805 x IO] T (1000 x 107 - 4,436 x 1007 T1) . (D-4a)
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TABLE D-z. LISTING GF THE ACP FUNCTION

FLPL LUl ACPLITYR: o AT NP)

: Ale ra Towny T4 52 CI-IC Wi AT (APACITY AT CONSTANT
. PrLssux” rlv [Tl TYOE 5 jp NeUThUN ARSOQPRERS
-
C ACH = LUTOUT ARSURIER 9. CLEIC AFAT CAPACTTY AT
C CURSTANT 297 55URE (JZ2(XKG#K)
C aLTYee = INPLT A,.23-¢ Malch[AL TrPE
" s = S ILVER=INDIUM=CADM]IIM (e6R0:1%5,95)
& ? & AN CAak3fod
{ Ly v = (NOLT AR 1238 [-MPERATUXR: (K)
[
W AC P a4l CTufu 3Y D, Le HAGRMAN MANCH 19R?2
("
e ICTIr! oLTe 2) THEN
IrdAaTLAY LTV as23e) TH=N
CPuv 2 2i,3 ¢ AT PS4 20cm 4 ¢ 1o FICOREL(ATENMP O
CPlin 3 26,3 ¢ AT NP®] ,usk=L¢
Crog = 22 * ATI MPe] (23 =)y
ALY 2 Sa il % (Je"un®0PAG ¢ L 143%CPIN ¢ N, La9%CPLD)
CLN s
l‘lL‘ - f".'?“d
RO IF
tL\
(i MF oL Te 2722043 THEN
L = 1de ¢ AlFAve(la09 = ATEMD®2 , J4F =04
: ALE ® 2;77,.7%
’."11.’
s"'rl"
l'l1‘||
rD
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TABLE D-3. LISTING OF THE AENTHL FUNCTION

AN IO IIIONDY D

FIUNCTION AFENTHL(TCTYOF, ATEMP.RFTEMP)

AENTHL 2FTUONS TUE FYANSE TN ENTHALPY NF NEYUTPON ABSNRBFRS
DURING A FOANSTANT 927S5RF CHANGF IN TEMPERATURF

AENTHL = NUTPUT ZHANGFE IN ARSORPBER ENTHALPY (J/KG)

{TTYPFE = INPUT ARSNOAFER MATFRIAL TYPF
1 = TTLVEC-INDIUM=CADMIUM (,B85.15.05)
2 = DNA0NAM “ARRTNE

INPHTY ARSNOACO TEMPERATURFE (K)

INPUT OFEERENEE TEMPFRATURE (K)

ATEMD
RFTCMD

AENTHL WAS CANFN Y N, L. HAGRMAN MARCH 1982

T = 9FTFMp
N = =]

"

IFCITTYOF LT, %) THEN
10 TELATEMD 1T, 1057:) THEN
HAG = T & (21,3 4 2,135F=03%T) = 1,51F+05/7
4 =-6.N7TRN] 654073
HIN = T * (24,7 ¢ 5,250E=-03%7)
L] =7.74250NC+03
HED = T % (22,2 4 $,150F=03*T)
# -7.21350NF+N3
H o2 G, 17 * (1,979 $HAG ¢ 0,143%4IN ¢ 0,0649%HCD)
FLSY
(FIT o1 Te 110904) THFEN
a g? = 1.745673F406 ¢ 2,.166154F+03 ¢ (T -1050.)
L
H 2 1,2777%4F405 ¢ 254,1542 * (T - 1100.)
ENDIF
C\'\'C
IFIN JLTe D) THEY
N = N ¢ ?
HR = W
T = ATYCMD
27 Tr 10
£ S
AFNTH|L = W <« 4O
r.u'ygc
PL AN
20 IFIT oLTe 2790,) THEN
H = T#(561, 4 T#(N,77 = T*G,8F=0N5H))
FLSFE
1 3 5,67 4N% & 2577,740 * (T- 2700,.)
FNNnTYE
IFIY «LTs 0O) THEN
N =N & )
H? = W
T = ATCwPD
6G) TP 20
CLSC
AENTHL = 4 - 4O
FMDIF
FNDITF
RETURN

END
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For temperature in the range 1050 < T < 1100 K,

K, = 1.076458 x 10° - 0.9349626 T . (D-4b)
For temperatures greater than or equal to 1100 K,
Ka = 48 (D-4c¢)
where
K = absorber thermal conductivity (W/meK)

-
i

absorber temperature (K).

The correlation (D-4a) was derived by fitting a second degree poly-
nonnal to the first, iourth, and seventh entries of a table of properties
srovided by Reference D-4. The tabie is reproduced as Table D-4.
Equation (D-4c) was derived by dividing the conductivity predicted by
Equation (D-4a) for 1075 K (the middle of the melting range) by two to
0-4 feits.

The method for estimating liguid conductivities follows recommendations by
Nazare et al.0"? Equation (D-40) is simply a linear interpolation between
the conductivity predicted by Equation (D-4a) at the beginning of melting
(1050 K) and Equation (D-4c) when melting is complete. Figure D-5 i: a
comparison of the predictions of Equations (D-4a) to (D-4c) with the recom-
mended values of Table D-2. A twenty percent expected standard error is

estimate the conductivity when this face centered cubic solid

recommended.
For 6,0 thermal conductivity tne fcilowing expressions are used:
For tewperature less than 1700 K,

. ]
K. = 5 . (U-5a)

@ 1,79 x 107 + 4.98 x 10°° T
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TABLE

D-4,

THERMAL CONDUCTIVITY VALUES FOR AG-IN-CD RECOMMENDED BY
COHEN £T AL.D-4

Temperature

(k)

323
373
473
573
673
773
873

Thermal Conductivity
(W/meK)

59.0
62.8
70.3
76.6
82.0
86.6
90.4
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Figure D-5. Thermal conductivity of Ag-In-<Cd alloy.
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For temperature greater than or equal to 1700 ¥,

, = 9.750390 (D-5b)

The expression is a fit to values of 23.3/ and 13.76 W/meK at 500 and
1100 K, respectively, obtained from the 150 lbm/ft3 curve presented on

page 947 of Reference D-6. A fifty percent expecled standard deviation is
recomnended because of the significant effect of density of the material.

Table D-5 is a listing of the ATHCON fuaction. The predicted valves
of tnermal conductivity for Ag-In-Cd and BQC are shown in Figures D-6 and
D-7.

NEUTRON ABSORLER THERMAL EXPANSION AND DENSITY
(ATHEXP, ADEN)

The function ATHEXP calculates absorber thermal expansion strain while
ADEN is cesigned to use this information to calculate absorber densities.
ATHEXP requires input values of the materials temperature and a reference
temperature (for which strain will be taken as zero). ADEN requires only

Lemperature,

The expressions used for the thermal expansion strain of Ag-In-Cd
absorbers are listed below:

For temperature in tne range 300 < T < 1050 K,
=5
2.25 x 10 © (T - 300) .
For the temperature in the range 1050 < T < 1100 K,

0.25875 + 2.625 x 1004 x 1 .




TABLE D=5. LISTING OF THE ATHCON FUNCTION

ICIDIN IO IOINAD

FIONCTTIIN ATHCPANITATYOE, ATEMD)
ATHCOIN RFETL2ME ARSYORED TUEDMAL CANDUCTIVITIES
STHT e QUTANT AQ€32A% 5 THERMAL CONDUCTIVITY (W/(MeK))
TETYY: @« INOUT AYTI20C0 MATFRYAL TYOF
1 & STLYER NG [UM=CADMT Y™ (eB89415.05)
? = VIR ~ARJINE
ATT¥)> o TNOIIT pAactAngen TFMDERATURE (K)
ATHCIN wAS £ONEN Y 5, |, HAGRVAN MARCY laR?2
IFTITTYOE LT, 2) TytewN
TFLATENE 1T, 19%A.) TuEN
jYHC'“ = PR,0% 4 ATEMPH(0,11C1=-ATEVP#4,436E=05)

RTINS o 112)s) THEN
ATuR A’ { 17445R3F402 - ATEMP#(, 034962

f

AT%C"‘N a &0

ENDIE
: ,'\1:
ELEE
[=(ATE ok ¥, 11BN, TYEN
~r4rrn o T:NEts ‘79 4+ ATEMD #* 4  GRF=(5)
.
ATHEPN o DN, 780 704
PMNTFE
FnnYs
PETU2N
FND
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Figure D-6.

Thermal conductivity of Ag-In-Cd absorber.
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Figure D-7. Thermal conductivily of B4C absorber.




For temperature grealter than or egual to 1100 K

¢, 3.0x 107° (0-6c)

where

™
n

avsorter thermal expansion strain (m/m)

—
]

absorver temperature (K).

Equation (D-ba) is taken from Table V of Reference D-4. Equation (D-6¢)
was obtained by moditying the prediction of Equation (D-6a) to allow for an
increase of 0.038 n volume (0.013 in length) at the center of the melting
range of 10%J to 1100 K because page 186 of Reference D-7 reports this value
for the change in volume of Ag, the major component of the alloy, during
melting. tquation (D-6b) ic a linear interpolation between the predictions
of Equations (D-6a) and (D-6¢c) for-tue beginning and end of the melting
range. The expestzd standard er=gr of Equations (D-6a) to (D-6c), 0.1 of
the predicted strain, is small becaus> the data cover most of the range of
the correlations.

The expression used to calculate thermal expansion strains of B,C is

4
-3 9,

e = -1.10 % 107 + T (3.09 x 107 + 1.88 x 10

a Y (n-7)

This correlatisga is a fit to values of 0, 2.58 x IO°3

5.32 x 10'3 at 300, 800 ana 1200 K, respectively, obtained from a curve
presented on page 949 of Reference D-6. The expected stancard error 1S
+0.2 ot the predi.iea strain.

, and

The function ADEN uvses the gener2! relation between density and

thermal strain, Equation (B-10), together with reference densities of
10.17 x 10° Kg/m® at 300 K for Ag-In-Cd (Reference D-4 Table V) ard




2.5 x 107 Kg/u’ at 300 K for B,C (page 943 of Reference D-6). For
Ag-In-Cd tne expected standard error 1s only 0.02 of tne predicted density,
but for Bac it is #0.3 of the predicted density.

Tavles D-b ana D-7 are listings of the ATHEXP and ADEN functions. The
predictions for Ag-In-Ca and 84C versus temperature given by the function
are reproduced in Figures D-8 to D-11.

NiUTRON ABSORBER SURFACE TENSION
(ASTEN)

The function ASTEN returns the interfacial surface tension of absorber
material on stainless steel cladding. The value used is

ST = 0.3 (D-8)
where

ST = intertacial surface tension (N/m).

The number used is an engineering estimate basea on the relative
magnitudes »f zirconium and silver liquid surface tensions given by
AllenD'8 and the interfacial surface tension for zircaloy and zirconium-
uranium-oxygen compounds given in the ZUSTEN function of Appendix G. The
expected error of this number is

+2.0
(-0.4)

Table D-8 is & listing of the ASTEN function.

NEUTRON ABRSORBER VISCOSITY
(AVISC)

~The function AVISC returns an estimate or the viscosity of Ag-In-Cd or
B4C neutron absorbers as a function of temperature.
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TABLE D-6. LISTING OF THE ATHEXP FUNCTION

FUNCTTOIN ATHEYD([T TYDE, ATEMP,RFETEMD)

’
r ATHEYD 2CETHONE AQTT0FD THFEMAL FYXPAMSTON STRAINS
r
% ATHEX? = DUTOYT THTUMAL FXPANSTION STRAIN (M/NM)
c ICTYPE o NPT AATHRORFO MATERIAL TYPE
¥y 1 5= STLYFO<INDIUM=CADMTIUM (,%9415.0%)
¢ 2 = ANFN FARRIDF
C ATEMD 3 TAOHLY AQQ (PQAF0 TEMPERATURE (X)
C QETEMP « FNOUT OCEFOEN"F TFEMPERATURF (K)
c
g ATHEXP WAS TNDFN aY N, L, HAGRMAN MARCH 1982
' T = OFTFvp
c o
TFCICTYPE LT, %) YWUEW
10 IFLYT LT 1050,) THEN
FPS = 2,728F-A% ¢ (T = 300.)
ELSH

IFIT LY, 119%,) THIN

EPS = =N 28878 ¢ 2,625F=04 ¢ T
Cl Sf

rp( = O.ﬂ'\

ELS"
ATHE XD 3 FOC - £DSP

ENNTFE

FLSE
20 FIG 2 «=],1F=03 ¢ TR{J,N0FE=06 ¢ 1,88FE=00¢T)

TF(N oLTs A) Tuew
N s N & 2
rFpse = FPS
T = AYC VO

AN TE *n
ELST
ATHEYD ¢ EPS - EBSOQ
ENNTE
ENDTE
PETIIRN
END
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TABLE D-7. LISTING OF THE ADEN FUNCTION

FINCTIAN PATNIITYAE AT 200
ANEN 2ETHRME ABSN21TD NINCTTIES
AW s TUTONT ANENIATD NENSTITY (KG/Mes3)
J7TY?2 & TNOUT ANCAIATD MATFoIAL TYOF
; . :;%!SO:{MH:-CAD!XUH [e8se1%,408)
AT - 9 « [UPUT ATANAFD TIMPERATURFE (K)

AYoN MAT CONER Y AL |, WMAGEYAN PASCH 1042

R e T e e T ¥ e To To ¥u

JECRNSTYOR 1T, 2y TyEN
RY) & 1L417E89%

-

LLAE
9 . ). :'.:")
EaDlE
» 35 & ATUCYRITATYIC AT up Cod
Q“J'O'\O(!.o-i.. c~,
PN
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THERMAL EXPANSION STRAIN (M/H)

0.02

\

/, -1r’/
8 /
= - — -
300.0 §50.0 800.0 1080.0 1300.0
TEMPERATURE (K)

Figure D-8, Thermal expansion strain of Ag-In-Cd absorber.
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Figure D-9.
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Thermal expansion strain of B4C absorber.
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10
105.0

DENSITY (KG/Mwx3)

102.5

100.0

®.5

95.0

92.5
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L |
300.0 550.0 800.0 1050.0
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Figure D-10. Ag-In-Cd absorber density.
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DENSITY (KG/Mwx3)
2ﬂp.o

3000.0

2750.0

2250.0

2000.0

|
|
!
300.0 800.0 1300.0 1800.0 2300.0
TEMPERATURE (K)
Figure D-11. ByC absorber density.
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TAGLE D-8. LISTING OF THE ASTEN FUNCTION

(alalalelels Tele e T Tete

FUNCTION ASTENCTZTYDF)

ASTEN RFTURNS THE TNTERFACIAL SURFACE TENSTON OF MNOLTEN
NEUT2IN A3SNRAERS AN 7TRCALOY SURFACES
ASTEN = OUTPUYT INTERFACIAL SURFACF TENSION (N/ZM)
ICTYdF = INDUT ARSNR3F2 MATERIAL TYPE

1 = "LV"-IND{UN-CADHIUH (e95.15,5,.0%)

2 = AIRNN TARBIDE

ASTEN WAS CONFN AY 7, Le HAGRMAN MARCH 1982
A';YE‘ 2 Ne13

RETUIN

END
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For Ag-In-Cd a viscosity of 16]0 Pa*s is returned for temperatures
below 1050 K. When the temperature is above 1100 K, a mole fraction
weighted average of the alloy component viscosities is used

" * fag™g * Fin"n * fea "ca (0-9)
where

ny = viscosity of liguid absorber (Paess)

ng = mole fraction of silver in the ailoy, 0.80#

"hg = viscosity of silver (Pass)

fln = mole fraction of indium in the alloy, 0.143

"n = viscosity of indium (Paes)

fcd = mole fraction of cadmium in the alloy, 0.049

ned = viscosity ot cadmium (Paes).

The compunent viscosities are calculatea with expressions obtained

from procedures recommended by Nazare, Ondraek, and SchulzD'S

-4 187
npg © 295 % 107" exp @T——) (D-10)

neg = 3-19 X 107 exp () (D-12)
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where
T = absorber temperature (K).

when the temperature is between 1050 and 1100 K an interpolation
scheme 1s used

1050) + 1¢'% (1100 - 1)

S P (0-13)

- |

—
p—
'

viscosity of absorber in the two-phase temperature range,
1050 to 1100 K (Pars).

3
"

10 Pa*s is returned for tem-

For 84C ab.orbers, a viscosity of 10
peratures less than 2700 K. When the temperature is at or above 2700 K,

the expression used 1§

4 9158

= 1,21 x lU- exp (—T——)

n N
Bat

where

n = viscosity of ligquid B,C absorber (Paes).
b4C 4
Tne expected error of the viscosity models for absorbers is +0.8 of

the predicted value because there are no data in support of the model.
Table D-9 is a listing of the AVISC tunction. Figures D-12 and D-13

are piots showing the calculated liquid phase viscosities for Ag-In-(d and
BQC absorbers.
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TABLE D-9. LISTING OF THE AVISC FUNCTION

FUNCTION AVISCCICTYRE ATEMP)

%
E AVIST RQFTURNS ARSIPAEO YISCASITICS
¢ AVISE = NUTOUT 4957282 YISCOSITY (PA#S)
¢ ICTYPE = INPIIT ARSNPACR MATFRIAL TYPE
c 1 = STLY" o-rnn}un CADMIUM (.8,.15.05)
C 2 = ANOAN ~ap DF
; ATEMD = INPHT AQSN03€3 TEMPFRATURE (K)
g AVIST WAS COANFN Y N, L, HAGRMAN MARCH 1982
¢
TFLISTYPE LT, ?) THEN
IFLATEMP LT, 17597,) THEN
q,sévrsc = 1.,9F419
TUVAG = 2,085.n4 & EXD (3187, JATEMP)
VIN = 31,1914 & EXP(7h8,/ATEMNP)
VID = 1,91F-n04 & ZXP (1119, /ATENP)
VLIQ = 0.79%%VA5 & 0,143¢ViIN ¢ 0.049%VCD
[ECATEMD 1T, 112%.) THEN
; AVTSE -$AVLtactaren»-1oso.’ol.osolotllxoo.-ntenv»vr
FLSE .
AVIST = Y119
ENNTEF
ENDIF
ELSF

TF(ATEMP 1T, 2799,) THEN
AVISC = 1.NF#+10

AVISC = 1.71F-04 FXP(O158, /ATENP)
ENDTE
FNDIF
RETURN
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Figi.e D-12. Ag-In-Cd absorber viscosity.
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Figure D-i3.

B4C absorber viscosity.
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NEUTRON ABSORBFR MELTING TEMPERATURES
(AHYPRP)

: The subroutine AHYPRP provides absorber solidus (appearance of the
first liguid phase) and liquidus (melting of the last solid phase) tempera-

; tures. There is no required input other than a parameter (¢ ‘dentify which
absorber naterial is used.

For the typical Ag-In-Cd alloy, Reference D-4 reports an approximate
melting range of 1050 to 1100 K. These numbers are thus used for the

solidus and liquidus temperatures of the alloy.

The melting temperature of 2700 K reported on page 943 of Reference D-6
1S usea for the solidus and liquidus temperature of Bac.

Table D-10 is a listing of the AHYPRP subroutine.
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D-1. W. B. Murfin et al., Core-Meitdown Experimental Review, SAND74-0382
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D-4. 1. Cohen, E. F. Losco and J. D. Eichenberg, "Metallurgical Design and
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D-10. LISTING OF THE AHYPRP SUBROUTINE

SUBKJIUTLING AHYPRPULICTYPESASOL,ALIQ)
AHYPKP weTuUurNy AASURBEFR PHASE TRANSITION TEMPExATURES
A50L = JUTPUT ABSURGER SCLIOUS TLMPLRATURE (n)
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APPENDIX E
CONTROL ROD CLADDING PROPERTIES



APPENDIX E
CUNTRUL ROD CLADDING PROPERTIES

A collection of 304 stainless steel properties has been prepared to
allow moveling of the temperature and possible failure by melting or cxida-
tion 7 stainless steel control rod cladding, Properties included are
spec fic heat capacity, enthalpvy, thermal conductivity, thermal expansion,
density, anu oxygen uptake rate.

CONTROL ROD CLADDING SPECIFIC HEAT CAPACITY AND ENTHALPY
(SCP, SENTHL)

The function SCP returns the specific heat capacity of 304 stainless
steel as a function of temperature. SINTHL calculates the enthalpy change
a5 a function of temperature and a reference temperature (for w!ich enthalpy
change will be zero).

For specific heat capacity the expressions used are

Cog = 326 + T (0.298 - 9.56 x 10°° x T) , 300 < T < 1558 K (E-1a)
Cps = 558.228 , T > 1558 K (E-1b)
where

CpS = control rod cladding specific heat capacity (J/kgek)

T = cladding temperature (K).

fquation (E-la) is a fit to values of 398, 488, ard 54C J/kgeK at
263, 700, and 1119 K, respectively, cbtained from a curve on page 19-26 of
Reference F-1. Since the curve reaches a maximum bDetween 1-°% and 1559 K,
Equation {(E-la) is replaced with a value equal to the maximum for
temperatures greater than or equal to 1558 K.
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SENTHL uses the following expressions for 304 stainless steel enthalpy:

hy =326 x T +0.149 x T - 3,187 x 107" x T, 300 < 1< 1858 K (E-7a)
h, = -1.206610 x 10°+ §58.228 x T , 1558 ¢ T < 1671 K (E-2b)
hg = -B.475661 x 10 + 5558.228 x T , 1671 < T ¢ 1727 K (E-2c)
n, = 1.593390 x 107 + 558.228 x T , 1727 K < T (E-2d)
where

h = control rod cladding enthalpy (J/kg)
T = control rod cladaing temperature (K).

fFquations (E-2a) and (E-2b) are integrals of Equations (E-la) and
(E-1b). Equation (£-2c) includes not only the specific heat but also a hest
af fusion of 2.8 x 10b J/k. which is added linearly over the stainless
steel melting range. Tnis heat of fusion was calc.lated from heats of
fusion for Cr, Fe and Ni given on page 87 of Reference E-2 and the composi-
tion of 304 stainless steel given on page 4-8 of Reference E-3. The heat
ot fusion was assumed to be the atomic fraction of each element times the
elemental heat of fusion.

The expectea standard crror of Equations (E-la) to (E-2d) is 0.1 times
the predicted values.

Tables E-1 anu E-2 are listings of the SCP and SENTHL functions while
Figures £-1 and E-2 illustrate the calculated values of specific heat capa-
City and enthalpy change relative to a reference temperature of 300 K.




TABLE E-1. LISTING OF THE SCP FUNCTION

FUNCTLION SCPICTENP)

JLF RLTURNS THe SPECIFIC WEAT CAPACITY &1 CONSTANT

PreSSURE FJR 306 STAINLESS STEEL CLACDING

SCF = JUTPUT STLEL CLADODING SPECIFIC HEAT
CAPACITY (J/Z(KG*M))

CTerr = INPUT CLAODUING TENPERATURE (R)
SLF das CUDLL 9Y Ue Le HAGRMAN MARCH 1982

AHC(!U‘V eble o5534) 1In
> P = ’ t. . Cf.ﬂp’(
ELIE

SCP = 55t ,228
ENLILF
rtTukh
anl

e lalaalale 'alalal e

N
84298 = CTEAP®G,56:=0%)
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TASLE E-2. LISTING OF THE SENTHL FUNCTION

OO OO OO

10

FUNCTION ScNTHLI(CTEAPSRFTENP)

SENTHL RETUANS THE CHANGE IN ENTHALPY OF 304 STAINLE
STEEL ODUKING A CONSTANT Pnéssﬁnt cnancg IN tenve‘a&uig

SENTHL = UUTPUT CHANGE IN STEEL ENTHALPY (J/7KG)

CTENP = [nPUT SLADO&NG TEMPERATURE (K)
KFETEMP o [INPUT REFERENCE TEMPERATUKE (K)

SENTHL wAS5 CODED BY Do Lo HAGRMAN MARCH 1982

T = RKFETeMP
N® =)
TF(T obLTe 15584) }ﬂin
ELS? * T8(326s ¢ T(0.169 = T*3,167E~05))
IFCT JLTs J071, HEN
ELSH - -‘.’Jbblgogb + Te558,22¢6
ir(t olEe 17274) THEN
_L51 ® =3.475661E+06 + T#5558,228
C -
H o® 1,59339E+U5 ¢ T ¢ 558,28
ENDILF
END;F
ENDIF
IFIN LT, v& THeN
N = N +
HR = H
T » CTche
20 TJ 10
ELSE
ENTHL = H = HR
enols
KL TURN
END
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Figure -1, Stainless steel specific heat capacity at constant pressure.
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Figure E-2. Stainless stecel enthalpy cnange at constant pressure.
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CONTROL ROU CLADDING THERMAL CONGUCTIVITY
(STHCON)

The thermal conductivity of 304 stainless steel as a fuaction of tem-
perature is calculated in the function STCHON with the following
correlation:

Kb = 7.56 + 0.0189 T ,300<T< 1671K (E-3a)
KS = 610.9393 - 0.3421767 T , lo71 < T < 1727 K (E-36)
Kg =20 , T2 1727 K (E-3c)
where

By ® control rod cladding thermal conductivity (W/meK)

T = control rod cladding temperature (K).

fquation (E-3a) i1s a fit to values of 14.65 and 25.83 W/meK at 374
and 965 K obtained from a curve on page 19-18 of Reference E-1.
Equation (E-3c) is an approximation of the conductivity at the lowest tem-
perature for which the steel is completely melted. The approximation was
obtained by evaluating Equation (£-3a) for the sclid stainless steel at the
melting temperature and noting that metals with twelve nearest neighbors
like 304 stainless steel (which has a face centered cubic lattice) suffer a
50% reduction in thermal conductivity wnen they melt.E'4 Equation (E-3b)
interpolates between tne value predicted by Equation (E-3a) at 1671 K and
the vaiue predicted by Equation (E-3c). The expected standard error of the
predicted conductivities is #0.2 times the predicted conductivity.
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Table E-3 1s a listing of the STHCON function and the thermal con-
guctivity predicted by tne function 15 illustrated as a function of tem-
perature in Figure E-3.

CONTROL ROD CLADDING THERMAL EXPANSION AND DENSITY
(STHEXP, SDEN)

Tne function STHEXP calculates 304 stainless steel thermal expansion
strain and SDEN computes the density of this material. STHEXP requires the
control rod cladding temperature and a reference temperature (for which
thermal strain will be zero) while SDEN requires only the temperature.

The expressions used to calculate thermal expansion strains are

(
e = 157 k1072 X T 1,69 x 1077 x T2, 300 € T < 1671 K (E-8a)
e = -2.960636 x 107 + 1972573 x 107 x T , 1671 < T< W27 K (E-4b)
eg = 42 x WP T 27K (E-4c)
where
., = control rod cladding thermal strain (m/m)
T = control rod cladding temperature (K).

fquation (E-4a) is derived from thermal expansion rates of 17.2 x 10'6

and 18.9 x lo’6 m/meK at 455 and 959 K. These values were taken from a
curve on page 197 of Refereice £-1. A linear fit to the thermal expansion
rates yields an expression which can be integrated to produce

Fquation (E-4a). Tie constant of integration is ignored because tne quanity
returned by STHEXP is the strain predicted by Fquations (E-4a) to (E-4c) at
the given temperature minus the strain predicted at the reference tempera-
ture. Fquation (E-4c) 1s the strain predicted by Equation (E-4a) at
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OO 06o

=3. LISTING OF THf STHCON FUNCTION

K- e e ———— e —————

FUNCTION STHCON(CTENP)

CTemP  « INpuT CLADDING TEMPCRATURE (K)
STHCUN was CCOEC 8Y D, Le HAGRMAN MARCH 1982

TFCCTEN? oLTy 3167500 TheN
(§ t13. 887 riFE™, 0.016¢

fLysTACON'S
FICTEMF oLT, 172741 Then
EtS§tHC0~.. a1l§del I CTENP o 043421767
HCON = 20
. _ENDIF
:thF
ETURN
END
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Figure E-3. Stawnless steei thermal conductivity.
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the lowest temperature for which the steel is completely melted, 1727 K,
plus an assumed additional expansion of 1% (3% volume increase) because of
the melting. Equation (E-4b) is a linear interpolation of the values pre-
dicted by Fquation (E-4a) at 1671 K and Equation {E-4c) at 1727 K. The
expected standard error of these expressions is about 0.1 times the
predicted value.

Tue function SDEN uses the general relation between density and thermal
strain, Equation (B-10), together with a reference density of 7.9 x 103 Kg/m2
at 300 K ubtained from page 87 of Reference £-2. The expected standard error
of this density is the uncertainty of reference density, 50 Kg/m3.

Tables E-4 ana E-5 are listings of the STHEXP and SDEN functions. The
thermal expansion strain returned by STHEXP for a reference temperature of
300 K is 1llustrated in Figure E-4 and the density calculated with the SDEN
function 1s shown in Figure E-5.

CONTROL ROD CLADDING OXYGEN UPTAKE
(SOXIDE, SOXWGN, SOXTHK)

Three subcodes are employed to describe tne oxygen uptake of
304 stainless steel. The SOXIDF subroutine returns the linear power
generated by tne oxidation of stainless steel, the oxidation weight gain at
the end of a time step, and an estimate of the oxide layer thickness at the
end ot a time step. Required input information is the cladding temperature,
the time step duration, the outside aiameter of the as-fabricated cladding,
the initial weignt gain, and the initial oxide layer thickness. SOXWGN is
a function which returns the parabolic rate constant for the oxidation
weight gain of stainless steel as a function of temperature. The parabolic
rate constant for the oxige layer thickness is calculated by SOXTHK as a
function ot temperature.
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TABLE E-4. LISTING OF THE STHEXP FUNCTION

glalalals’sleteTe el

e

10

FUNCTION STHEYP( T TEMP ,DETEMP)
STHEXYP RETUONT 204 S THERMAL EXPANSION STRAINS
STHCOIN = CUTONT STYEEL TUERMAL STRAIN (M/M)

CTEMP o INPUT rtnnnrun t;n! RATURF (K)
RETEVP = TINPUT REFFRPENCE TEMPERATURE (X)

STHEXP WAS FPDEN AY N, L, HAGRMAN MARCH 1982

T = 2FTEMP
N &« =]

IF(T «LTe 1671,) THEN
FPS « T * (1,57F=05 ¢+ T * 1,69€-09)

ELSE
TECT oLTy 1727,) THEN
"<§v§ e -0.70866%6 + T#1,9725736-04
EPS w 4,2F=02
ENDIF
L ?N SLT. 0) THEN
N ¢ 2
TN
T « CTEND
&N TR 1
ELSE
STHIXP =« FPS - EPSO
ENPIF
RETURN
END
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TABLE E-5. LISTING OF THE SDEN FUNCTION

alnlslalalaleteatele e

FLLCTICN SCENICTEwO)
STEN FETURNT 274 SYATNLFSS STEFL DENSITY

CREN w PLTPLT CTEEL NENSITY (KG/M#93)

CTEX® w [NCU'T CLAPPING TEFPERATLRE (K)

THi FUNCTION STHEYP T€ CALLED RY THIS EUNCTICN
SCEN WAC CCTER AY N, |, HAGRMAN MARCH 1682

EP: = STEEXPICTENS,300,)

SPEN s T,B8E4N2 ¢ (), = 3,0 * EPS)
FIILEN

ENP
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The equation used to model the oxidation parameters are both of the

form
|
Z‘ = (%i + ZA exp (-8B/T) A€>7 (E-5)
where
Zf = value of the uxidation parameter (oxide layer thickness or
¢ladding weight gain per unit surface area aue to oxidation)
at the end of a time span of at
Zi = value of the oxidation parameter at the start of the time
span
T = temperature of the oxide layer (K)
it = Lime span (S)
A,B = rate constants.

Table £-6 lists the rate constants the rate constants used with
Equation (E-5) to model weight gain or oxide layer thickness. The parabolic
raie constants calculated by SUXWGN and SOXTHK are the quantities

R = 2A exp (-B/T) (E-6)

where

R = parabolic rate constant for oxidation parameter described by
rate constants A and B.
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TABLE E-6. RATE CONSTANTS FOR USE WITH EQUATION (E-5) TO PREDICT OXIDATION

Oxidation Parameter

Claadigg weight gain
(kg/m* surface)

Oxide thickness

A

1.2 x 100 kg2/mles

300 m?/s

e
42 428 K

42 428 K
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|
The expression used to model the linear power generated by the

oxidation of stainless steel is

’ P B L
P =4.85x 10" D, S . (E-7)
where
P = rate of heat generation per unit length of 304 stainiess

steel cladding (W/m)
D = cladding outside diameter without oxidation (m)

M = mass gain per unit surface area due to oxiaation at end of
time step (kg/mz)

M. = mass gain per unit surface area due to oxidation at start of
time step (kg/m?).

The power represented by this equation is about one tenth the power
L represented by the corresponding equation for zircaloy oxidation when the
mass gains are similar,

Equation (E-5) with oxidation rate constants for weignt gain was taker
from page 50 of Reference E-2. [If the compo.ition and density of tne oxide
are known, the rate constant for the oxide layer thickness can be determined
from the rate constant for oxidation weight gain:

A 2 — (E-8)
WF OX202



rate constant for oxidation weight gain (ng/m4-s)

mass fraction oxide n the oxide (kg oxygen/kg oxide)

P =+ density of the oxide film (kg/m3).

Frwever, determination of a rate constant for the oxide layer thickness
15 complicated by uncertainty about the oxide density because ¢f consider-
able foaming of the stainless steel during oxidation.E'z’E's. Moreover,

page 53 of Reference E-2 reports very complex oxide structures. The oxide

15 expected to contain some FeQ, Fe304. Fe?03, Cr03. Cr203,

Ni0, and mixed spinels. The rate constant in Table E-6 was calculated by
assuming the composition of Fe) and a density of 3000 kg/m3 (about half
the density of ronporous FeQ).

fquation (E-7) for the linear power generatea by oxidation is derived
by subtr.cting the heat required to dissocidte HZO’ 2.4182 x 105 J/mou:.E -6
from the heat of reaction of iron and oxygen to form FeQ, 2.67 x 10 J/mole.E o
The resultant heat of formation for one mole of Fe0 from one mole of HZO
is multiplied by the rate of oxygen uptake in moles and the circumference

of the cladding to obtain Equacion (E-7).

The expec-ted st.andard deviation of the oxide layer thickness is
+0.5 times th: predicted thickness. The expected standard deviation of
the oxidation weight gain and oxidation power is somewhat less, $0.25
times the predicted value, because the oxide composition and density do not
affect the prediction of these quantities.

Tables £-7 to E-9 are listings of the SOXIDE, SOXWGN, and SOXTHK sub-
codes. Figures £-6 and E-7 illustrate the parabolic constants calculatea
with the SOXWGN and SOXTHK functions. The time-step-averaged power per
meter of rod calculated with S0XIDE for a 1.25 x 10°2 meter diameter rod
with no 1nitial oxide layer and a one second time step is shown
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TABLE £-8. LISTING OF THE SOXWGN FUNCTION

FUNCTION SNYYCN(rTEMD)

SIN4LN CETUONS T4HE DPAQAAN AXINATION -
FNE 304 SS AND Fre T4F polATrON DATION RATE CONSTANT,C,

EONAL BETORT CATN®S? o INIT'AL WEIGHY CAIN#®2 4 C # TIME STEP

SOYWGN = CLTPUT PAPARPL IC OXIDEATION RATE .
CXINATION METEHT CAIN HG“?N(%OE?:%RNI res

CTEMO = JAPUT FLAPPING TEMPERATLRF (K)
SOXWEN WAS COCED ARY Ny Ly HAGRMAN MARCH 1682
SCYWIN = 2, % 1,2F4NB & EXP(=42428,/CTENMP)

KETURN
END

alaleleletele Te TeYe Ta te T
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TABLE E-9. LISTING OF THE SOXTHK FUNCTION

FUNCTICON SCXTHR(CTEMP)

C
C JUXTHR weTURNY THe PAnAleg JXIDATICN RATE CONSTANT,C,
g FOR 304 55 AND FUR Tt EQUATION
E FINAL THICKNESS®®82 = INITIAL THICKNESS#%2 ¢+ C & TIRE STEP
¢ SURWGN = Julrul PARABLLIC axxourmu RATE CONSTANT FDR
E UKLUATIUN THICKNESY (Mee2/5)
g CTen? = INrOT CLADODING TEMPERATURE (K)
C SOXIHK 4aS COUED BY 0. Le HAGRMAN MARCH 1982
. SUKTHK = 2, % 300, # EXP(=424284/CTENF)
’NBUKN

167



[ (Mu=d)xS))

(KCmw2

0. 0086

RATE CONSTANT

0.008

0.004

0.002
1

C.000

Il

1203.0 1300.0

Figure E-6.

1400.0 1500.0 1600.0
TEMPERATURE (K

1700.0

Parabolic constant for oxygen weight gain
calculated with SUXWGN.

168



«10"
4.0

o

o +4 -
o
o
N
x
X
Io

t‘. 3
g i
f—
:

-

o

o

1200.0 1300.0 1400.0 1500.0 1600.0 1700.0 1800.0

TEMPERATURE (K)

Figure E-7. Parab. ic constant for oxide layer thickness
calcuiated with SOXTHK.

169



i Fiyure £-8. Figures £-9 and £-10 illustrete oxygen uptake and the oxide
layer thickness expected after a one second time step with no ‘nitial
oxidation.

CONTROL ROD CLADDING MELTING TEMPERATURES
( SHYPRP )

Tne subroutine SPROP provides 304 stainless steel melting temperatures.
There is no required input.

For this alloy, page 19-3 of Reference E-1 reports a meiting range of
1671 to 1727 K. These numbers are used for the solidus (first liquid phase
appears) anu liguidus (last solid phase melts) temperatures of control rod
cladding, Table D-8 1s a listing of the SPROF subroutine.

REFERENCES

E-1. D. Peckner and . M. Bernstein, (eds) , Handbook of Stainless Steel,
New York: McGraw-Hill Book Company, 1977.

E-2. H. C. Brassfield, J. F. White, L. Sjodahl, and J. T. Bittel, Recom-
mended Property and Reaction Kinetics Data for Use in kvaluating a

Light-water-Cooled Reactor L0Ss-0f-Coolant Incident [nvolving
Zircaloy-4 of 304 SS Clad UO», GEMP 482, 1968.

E-3. W. B. Murfin et al., Core-Meltdown Experimental Review, SAND74-0382
and NUREG-0205, 19.7.

£-4. S. Nazare, G. Ondracek, and B. Schulz, "Properties of Light Water
Reactor Core Melts," Nuclear Technology, 32, 1977, pp. 239-246.

£-5. J. C. Hesson et al., Laboratory Simulations of Cladding--Steam
Reactions Following Loss-of-Coolant Accidents 1n Water-Looled Power

Reactors, ANL-7609, 1970, pp. 12-18.

E-b. J. A. Dean (ed), Lange's Handbook of Chemistry, (twelfth edition),
New York: McGraw-Hill Book Company, 1979, (TP 151 H25).

E-7. F. D. Rossini et al., Selected Values of Chemical Thermodynamic
Properties, Circular of the National Bureau of Standards 500,
Washington, D.C.: United States Government Printing Uffice, 1952,
(QC100 U555).
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TABLE €-10. LISTING OF THE SHYPRP SUBROUTINL

SaxuuTIN. SHYPRPCE35LSLLIO)

TRANSITION TEMPERATUE TS

¢ CHY2AP Ko larne 304 “TAINLESS STeiL PHASE
C 25t = Julrul SOLLILUS TePreRaTURE (K)
¢ T = LN PLT LLIGvaUlS TEMPCRATURE (K)
; SHYY 9P wbs LUD.E 4Y De Le AAGRMAN MARCH 1962
J sfut = L1671
SLIe = 47210
» ]u"w\
-ML
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APPENDIX F
GRID SPACER MATERIAL PROPERTIES
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APPENDIX F
GRID SPACER MATERIAL PROPERTIES

The only grid spacer material property required for the SCDAP/MODO code
15 the welting temperature. Tnis information is discussed below. Readers
who desire adaitional grid spacer material properties will find a summary
in Appendix B of Reference F-1.

GRID SPACER MELTING TEMPERATURES
(HPROP )

The subroutine HPROP provides Inconel 718 melting temperatures. No
input information is required.

For Inconel 718, page 267 of Reference F-2 reports a melting range of
1533 through 1609 K. These numbers are used for the solidus and liquidus
temperatures of Inconel grid spacers.
Table F-1 is a listing of the HPROP subroutine.
REFERENCES
F-1. J. W. Spore et al., TRAC-BD1: An Advanced Best Estimate Computer

Program for Boiling Water Reactor [oss-of-Coolant Accident Analysis,
VoTume T: Model Description, NUREG/CR-2T178 and EGG-2 109,

October 1981.

F-2. C. T. Lynch (ea.), Hanabook of Materials Science, Volume [I: Metals,
Compusites, and Retractory Materials, Cleveland, Ohio: CRC Press,
Inc., (TA 403.4 L94).
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TABLE F-1. LISTING OF THE HPRUP SUBRCUT Nt

SUBROUTINE HPROP(HSOL»HLIQ)
HPROUP RETURNS INCONEL 7186 PHASE TRANSITION TEMPERATURES

HSCOL e JUTPLT SOngxS Til?gﬁlf RE (K)
HLIq = JUTPUT LIQUICUS TEMPERATURE (K)

HPROP wAS CODED BY De Le HAGRMAN MARCH 1982
HSUL e 1533,

HLIGC = 1609.
RETURN
END

COOOOOO0
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APPENDIX G
ZIRCONTUM-URANTUM-0XYGEN COMPOUNDS MATERIAL PROPERTIES
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APPENDIX G
ZIRCONIUM-URANIUM-OXYGEN COMPOUNDS MATERIAL PROPERTIES

Extension of the MATPRO-11 Revision 2 materials properties package to
high temperatures requires consideration of mixtures and compounds which
were not previously included in the package because they are not formed
until zircaloy cladding melts. One approach to providing the properties of
molten mixtures of core material has been to define standard compounds of
core materials--Corium A, Corium E, Corium AX1, Corium EX1, Corium EX2,
Corium EX3, etc.G" This approach has been avoided here because aeciding
when to switch from properties of one kind of melt to another would
needlessly complicate serious efforts to model severe core damage. The Six
ditferent types of corium listed above are replaced with a singie class of
material whose properties vary with zirconium, uranium, and Oxygen concen-
tration. For the present, concentrations of iron, chrome, nickel, silver,
indium, cadmium and other low melting components are ignored because com-
pounds rich in these components will probably migrate to cooler regions of
the core before the melting temperature nf zircaloy is attained.

Data for all the properties modeled in this appendix are very scarce
so most of the subcodes use interpolations of materials properties that are

available--the properties of U0 Zr02. and Zr. These materials are

2’
used as a basis for interpolation rather than the properties of elemental
U, Zr and 0 because U02. Zr02 ana Zr more closely approximate the com-
positions of interest.
G-2

A Gibbs triangle plot of the compositions of Zr-U-0 compounds is
shown in Figure G-1 to illustrate this point. [t can be shown that the
composition of a mixture of any two ternary alloys will lie on a straight
line Joining the points representing the original compositions on a Gibbs
plot. Severe core damage will melt zircaloy (represented here as mostly
zirconium) which has been previously oxidized to some state between oxygen

stabilized zircaloy, Zr(0), and ZrQ This melt will dissolve and mix

5
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Atomic fraction zirconium

Figure G-1. Compositions of Zr-U-0 compounds on a Gibbs triangle plot.
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with UU?‘ The gross compositions of interest are thus most likely to lie
in tue shaa<a region ot the plot (some uranium rich phases which coulad melt
and flow out of the hot region are the only known exception to this general

observation),

when interpolated properties are used, input values of the atom ¢
fractions of zircaloy, uraniim, and oxygen are converted to mole fractions

of UO?' Zr02. and Zr with the following relations
"o, * u“g’i (§-1a)
-
'ZrU? S U7 (6-10)
l - ; + U
2 - ® U+ 2 (6-1c)
where
fUO? = aele fraction 002 in the compounc
erO? = wyle fraction Zr02 in the compoénd
er = mole fraction Zr in the compound
X = atom = fraction oxygen i+ the compound
U B stomic fraction urainum in the compound
L = atomic fraction zirconina n the compound.
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Inspection of Equations (G-la) to (G-1lc) reveals several limitations:
First
X +LU+2=1 (6-2)

and thus, only two of the three atomic fractions need be input. Also, the
atomic tre~tion of oxygen must lie in the range

U< %.5 U+ 2 (6-3)

if Equatiuns (G-la) and (G-1c) are to return physically meaningfui positive
fractions. The right hsrd inequality means that the compound must not be
oxidized beyond a melL«i dioxic2 and the left hand inequlity requires that

at least enough oxygen ve present to sxidize the uranium to UOZ' Inspec-
tion of Figure G-1 shows that the right t2nd inequlity requires the compound
to lie below the line drawn between the points labe +d u02 and Zr02

whiie the left-hand inequality requires that the compound lie above a line
from the point labeled uc? to the point labeled Zr. All of the shaded
traingle lies within this regicn 50 aii compounds formed out of Uu2 and
zircaloy oxidized as far as Zrb2 will pbe in the acceptable range.

All subcoues which use Eyuations (G-la) to (G-1c) check for acceptable
ranges of oxygen concentration and raise or lower the presumed oxygen con-
tent tu force it to fail within the range given by Equation (G-3). An error
message 1s printed when the range is exceeded.

For input values of U and Z which imply X/2 is greater than U + Z, the
input values of U and Z are replaced by

ol
V' rsme it
54 o Lk (6-4b)
30+ 7) o2
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where
_anly revised atomic fraction eof uranium in the compound
F L revised atomic fraction c¢f zircenium in the compound.
Inspect ion of Equations (G-4a), (G-4b), and (G-2) shows that the trans-
formation preserves the uranium-to-zircaloy ratio but decreases X'/2 to

u' + 2°,

For input values of U and Z which imply X/2 is less than U, input
values of U and / are replaced by

y' = 3-["—“"'—-7 (G-Sa)

(G-5b)

U+ £

[nspectien of fquations (G-5a), (G-5b), and (G-2) shows that this
transformation presurves the urainum-to-zircaloy ratio but increases X'/2
to U'.

ZIRCONIUM-URANIUM-0OXYGEN COMPOUNDS SPECIFIC HEAT CAPACITIES
AND ENTHALPIES
{ZUCP, ZUNTHL)

Tne function ZJCP provides the specific heat capacity of Zr-U-0 com-
pounds as a function of component concentrations and the compounds tempera-
ture. ZUENTHL returns the Zr-U-0 compound enthalpy as a function of
component concentrations, the compound temperature, and a reference tem-
perature for whicn the entnalpy will pe zero.
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The expression used to calculate the specific heat capacity is an
atomic-fraction-weighted average of the molar heat capacities of UO?.

Zr02. and Ir
C 0.270 f * C 0.123 f. + C 0.09% f
Pyo, Wz Paro, e AL ir
C = (G-6)
Pe 0.270 fUO2 +‘D.T23'flr02 + 0.091 er
where
cp = specific heat capacity of the compound (J/kgeK)
C
C = specific heat capacity of U0y obtained from the FCP
pUO? subcode (J/kgeK)
g = specific heat capacity of U0, obtained from the ZOCP
"z.ro2 subcode (J/kgeX)
& = specific heat capacity of zircaloy obtained from the CCP
Prr subcode (J/kgeK).

An analogous weighted average 15 used in ZUNTHL to calculate compound

enthalpies. This technique has the advantage that the proper enthalpies are
'L Zr02, or Ir but the disaavantage
that the neats of fusion are not con‘trained to appear between the solidus

obtained for the limiting cases ot U0
and liquidus temperatures of the compound.

Tables G-1 anc -2 are listings of the ZUCP and ZUNTHL functions.
Plots of tne calculatea specific heat capacity and enthalpy of a compound
made up of 0.2 weight fraction UOZ and 0.8 we.ght fraction Zr02 are
shown in Figures G-2 and G-3. 4

Calculations with ZUNTHL are compared with enthalpies observed by
[)eemﬁ'3 for several U02 - Zrn? compounds in Tables G-3 to G-6.
(beem's data are presented in Tables 14 to 17 of Reference G-2). The
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TABLE G-2

LISTING OF THE ZUNTHL FUNCTION
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Figure G-2. Specific heat capacity calculated for a

0.2 U0y - 0.8 Zr0, weight fraction compound.

189



«10°

ENTHALPY (J/KG)

o
8
<
~ - —
< /
o 4////
|

o
a e

300.0 800.0 1300.0 1800.0 2300.0 2800.0 3300.0

TEMPERATURE (K)
Fiaure G-3. Enthalpy calculated for a 0.2 U0z - 0.8 Zr0p
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TABLE G-4. ZUNTHL CALCULATIONS AND DEEM'S DATAG-3 FOR A
0.32 U0p-0.68 Zr0y WEIGHT FRACTION COMPOUND

Temper ature Observ:d Enthalpy Calcula;ed Enthalpy
(k) (10" J/kg) (10" J/kg)
273 0.00 0.00
1438 2.93 2.97
349 2.96 3.01
371 3.95 3.93
372 3.96 3.98
390 4.74 4.75
390 4.77 4.75
408 5.5/ 5.54
408 5.61 5.54
541 11.97 11.63
543 11.95 11.72
690 16.20 18.82
691 19.36 18.87
829 26.21 25.76
829 26.22 25.76
yd7 32.30 31.78
951 32.56 31.99
1069 37.24 38.11
1292 49.71 49.94
1480 60.84 63.41
1678 70.54 73.68
1797 75.94 79.89
1878 81.17 &4.74
1919 82.26 8t.30
1976 86.06 89.32
2096 93.55 95.7¢8
2175 100.96 100. 19
2276 107.19 106.02
2385 119.50 112.57
2487 125.98 118.96
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TABLE G-5. ZUNTHL CALCULATIONS AND DEEM'S CATAG=3 FOR A 0.5 U02-0.5 Zr0;
WEIGHT FRACTION COMPOUND

Observed Enthalpy Calculated Enthalpy

Temperature 4 a
(K) (10" J/kg) (10" J/kg)
273 0.00 0.00
339 2.33 2.32
339 2.27 2.32
367 3.41 3.37
367 3.44 3.37
383 4.02 3.99
385 3.97 4.06
401 4.76 4.69
543 10.63 10.50
547 10.83 10.67
702 17.60 17.40
702 17.62 17.40
877 25.81 25.27
878 25.66 25.31
978 30.44 29.91
979 29.96 29.96
1102 34.98 35.70
1243 42.05 42.38
1273 43.43 43.82
1484 53.39 56.46
1521 63.64 58.19
1796 67.60 71.20
1889 72.17 75.66
1995 77.74 80.82

2086 84.60 85.34
2188 89.66 950.60
2297 99.33 96.47
2430 105.94 104.01
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TABLE G-6. ZUNTHL CALCULATIONS AND DEEM'S DATAG-3 FOR A 0.94 U0,-0.06 Zr0;
WEIGHT FRACTION COMPOUND

Temperature Observ:d Enthalpy Calcula:ed Enthalpy
R ¢ B (107 J/kg) (10" J/kg)
273 0 0
372 2.36 2.55
372 2.55 2.55
474 5.58 5.46
596 9.25 9.15
597 2.26 9.18
728 13.41 13.29
729 13.44 13.32
870 17.96 17.87
872 18.02 17.94
1050 23.32 23.15
1108 25.15 25.76
1314 32.72 32.77
1492 37.11 39.24
1816 48.45 50.81
[ 2n71 59.66 60.56
’ 2205 68.58 68.68
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standard error of these predictions, 2 x 104 J/k: v about 0.1 of the
predicted value, is the expected standard error of the ZUNTHL function.

A similar expected standard error, 0.1 of the predicted specific heat
capacity, is aaopted for ZUCP.

ZIRCONTUM-URANIUM-OXYGEN COMPUUNDS THERMAL CONDUCTIVITIES
(ZUTCON;

Requiread inputs to ZUTCON to calculate compound thermal conductivities
are the component concentrations and compound temperature. The expression
used for the compound conductivity is the smaller of KZr and

k. = f K + f k
& UO2 UO2 ZrO2 ZrO2

+ f

k '004f f
Ir “1r U02 ZrO2

+ 7.8 fUO er + 7.8 erO er (6-7)
2 2
where

kc = compouna thermal conductivity (W/mekK)
Ko = UO2 therimal conductivity cbtained from tne FTHCON

2 subcode (W/meK)
K700, " irUy thermal conductivity obtained from the ZOTCON

2 subcode (W/meK)

Kop = zircaloy thermal conductivity obtainea from the CTHCON

subcode (W/meK).

Expression (G-7) 1s an atomic-fraction-weighted average of the thermal
conductivities of U02, Zr02. and Zr modified to include cross-products.
The modification was added to reproduce the parabolic shape typically seen
in plots of conduction versus composition in binary mixtures.G'z’G'4
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The coefficient of the UO2 - erz cross-product was obtaired by
requiring Equation (G-7) to reproduce a thermal conductivity of 1.44 w/meK
at 2073 K for a composition of 0.315 mole fraction U02 and 0.685 mole
fraction Zr02 (0.5 u02 - 0.5 ZrO2 by weight). The thermal con-
ductivity was obtained from a curve published as Figure 56 in Reference G-3.
A similar approach was used to determine the coefficient of tne Zr-UO2
cross product. A measurement from Rauch.G'5 11.09 W/mek at 343 K for a
composition of 0.80 weight fraction UO? and 0.20 weight fraction Zr was
employed. No data were found to evaluate the Zr-ZrO2 cross product
coefficient so the Zr-UO2 cross-product coefficient was used as an
estimate.

Table G-7 is a listing of the ZUTCON function. A nlot of the cal-
culatea thermal conductivity of a compound made up of 0.2 weight fraction
U02 and 0.8 weight fraction ZrO2 is shown in Figure G-4.

Model preaictions are compared to thermal conductivities calculated by
Deem (Taole 26 of Reference G-3) from his data for severai UOZ - ZrO2
compounds 1in Tables G-8 through G-12. The standard error of the ZUTCON
calculations 1s #1 W/in, most of which is caused by serious overprediction
at low temperature and high UO2 content.,

ZIRCONIUM-URANIUM-OXYGEN COMPOUNDS THERMAL EXFANSIONS AND DENSITLES
(ZUTEXP, ZUDEN)

The function ZUTHEXP calculates the thermal expansion strain of Zr-U-0
compounds as a function of composition, temperature, and a reference iemper-
ature for which the thermal expansion strain will be zero. ZUDEN returns
the compound density as a function of composition and density.

The expression used to calculate thermal expansion strains in ZUTEXP is

p f
évh0 'uu2 “uo, > . fzro2 ‘uoz ¢ 139 ¢
€. *® 2 . 7 (c-8)
c 7.46 w, ¥, g FT39T,
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TABLE G-7. LISTING OF THE ZUTCON FUNCTION

OO OC C OO

<

LD

OOCoO

& PNor-

FUNCTION ZUTOIN(UR Ly IUTERP)

LITCUN =oTurny 2IRCONIUM=URANIUM=0ORYGeN CORMPOUND
bl bJCTIVLTY

ZLTodn = JuTPUl CAMPIUNU CONDUCTIVITY (4/7(M*K))

u o INFUT Aldbiye rRACTION URANLUM LN COMPOUND
(21295 uxkanm]ur/ATONS IN COMPOUND)
P s LaroT ALJMIC tRACTIUN ZIRCUNLUM IN CCMPOUND

. (aidMe ZIkoUNIUNMZATUMS UIN CCMPOUND)
DTt m CunPULPD ToMPERATUKE (K)

Pt SUBLuves CTrCdny FTHCON, AND ZOTCON ARE CALLED BY THIS
FUNCTLUN

LUTCUN #&y CODLL 8Y D4 Lo HAGRPAN MARCH 1982,

o
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(v TCuUN & rFrul2800C2 ¢ FiL2%CL02 + FRK CZR - 0 Q.FUDZOFZOZ
tler VLUl in + ToB®FLU2OFIK
IF(ZUuleuti obTe C2R) THEN
LUTCUN = CZK
t‘ls"

CALL C
F

Kkt TURN
cmb
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Figure G-4. Thermal conductivity calcuiated for a 0.2 U0 - 0.8 Zr0p
weight fraction compound.
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TABLE G-8. ZUTCON CALCULATIONS AN DEEM'S RESULTSG-3 FOR A 0.2 U0,-0.8 Zr0;
WEIGHT FRACTION COMPUUND

Temperature Deem's Conductivity Calculated Conductivity
(K) (W/meK ) (W/msK)
423 2.8 | %
473 2.6 1.6
573 2.30 1.51
673 2.42 1.43
873 2.12 1.33
1073 1.94 1.28
1273 1.82 1,25

1473 1.78 1.24
1673 1.77 1.24
1873 1.78 1.25
2073 1.72 1.28
2173 1.66 1.30
2273 1.62 1.32
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TABLE G-9. ZUTCON CALCULATIONS AND DEEM'S RESULTSG-3 FOR A 0.32 U0p-
0.62 Zr0, WEIGHT FRACTION COMPOUND

Temperature Deem's Conductivity Calculatea Conductivity
(K) (W/meK ) (W/meK )
423 2.5 2.2
473 2.3 2.\
573 2.1 1.9
673 2.04 1.79
873 2.00 1.59

1073 2.00 1.47
1285 1.97 1.39
1480 1.46 1.34
1673 1.59 1,32
1873 1.73 1.31
1943 1.58 1.32
2073 1.76 1.33
2273 1.87 1.38
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TABLE G-10. ZUTCON CALCULATIONS AND DEEM'S RESULTSG=3 FOR A
0.5 V0,-0.5 Zr07 WEIGHT FRACTION COMPOUND

Temperature Deem's Conductivity Calculated Conductivity
(K) (W/meK ) (W/meK )
423 2.2 3.3
473 2.0 3.1
573 1.8 2.7
673 1.75 2.44
873 1.71 2.06
1073 1.69 1.82
1273 1.67 1.66

1473 1.64 1.55
1673 1.60 1.48
1873 1.54 1.44
2073 1.44 1.45
2183 1.41 1.47
2293 1.79 1.51
2373 1.77 1.54
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TABLE G-11. ZUTCON CALCULATIONS AND DEEM'S RESULTSG=3 FOR A LOW
DENSITY 0.32 UO;-0.68 Zr0p WEICHT FRACTION COMPOUND

Temperature Deem's Conductivity Calculated Conductivity
ol ¢ S (W/meK ) (W/ineK)
423 2.2 2.2
473 2.1 2.1
573 1.8 1.9
673 1.55 1.79
873 1.53 1.59
1673 1,53 1.47
1273 1.53 1.39
1473 1.17 1.34
1673 1.28 1.32
1873 1.36 1.31
2073 1.40 1.33
2173 1.30 1.35
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TABLE 6-12. ZUTCON CALCULATIONS AND DEEM'S RESULTSG-3 FOR A 0.94 U0,-
0.06 2r0, WEIGHT FRACTION COMPOUND

Temperature Deem's Conductivity Calculated Conductivity
TR - (W/meK ) (W/meK)
421 3.8 7.8
473 3.6 7.2
£73 2.8 6.1
673 2.41 5.32
873 2.2 4.19
1073 2.19 3.45
1273 2.0 2.93
1473 1.99 2.55
1673 1.93 2.28
1873 1.87 2.11
2073 1.84 2.07
2173 1.82 2.10
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where

-~
"

compound thermal strain (m/m)

€40 = uo, thermal strain obtained from the FTHEXP s Hcode (m/m)

€ /0. ° Zr02 thermal strain obtained from the ZOTEXP subcode (m/m)

€ = isotropic /r thermal strain obtained from the CTHEXP
subcode with COSTHZ = 1/3 ana COSFI2 = 1/2 (m/m).

This expression 1s a component-volume-fraction weighted average of the
component strains. The volume fraction of each component is

f.m,
i
. * T (6-9)
Vi 5; : mj
=1 %
where
'fv1 = volume fraction of i-th component (m3/m3)
g = mole weight ot i-th component (kg/gm mole)
(0.270 for UD,, 0.123 for ZrC(, and 0.091 for 2Zr)
[ = density ot i-th component (kg/m3)

(10,980 for U02. 5,800 for Zr02, ang 6550 for Ir).

Expression (G-8) 1s aerived by assuming that the compound is made up
of components which produce independer: thermal strains. The initial volume
1S thus

A vuo2 2 erOZ
0 (4]

+ er (G-10a)

0

204



= f Al ¥. »§f v
'] 0 v 0 Vv 0
UUZ ZrO2 ir
wherv
; T 3
vUO " VZrU , and er initial component volumes (m~”)
2 2 0
0 0
R , and f = component volume fractions (m3/m3) #
Y v v,
UO? ZrO2 Ir

The component volume after some thermal strain is, according to
Equation (E-8) which relates linear strains to volume strains,
V=Y

exp (3 ) + N, exp {3e ) + V exp (3e,.)
2 UO2 LrOZ ZrO2 Zr0 ir

0 ¢

uo

Voo, (P *3eyg )+ Vg (143,004 ero (1+ 3e;,)

2o 2 2, 2

The compound volume strain, €cs is

v

- v - V0

3e +V 3e
) UU2 ZrO2 er2

0 o
v e erO ol

UO2

’ ero 3¢ 7,

v

Zr0

2

(G-16Y)

(G-11a)

(G-11b)

(G-12a)

(G-12b)




Replacement of the compound volume strain by three times the compound
linear strain and substitution using Equation (G-9) completes the derivation
of Equation (6-8).

The expression used in ZUDEN to calculate compound densities is

0.270 fUOZ + 0.123 eroz + 0.091 er

Y s g 1 P
C 0.270 fUUZ 3 123 TZrOZ
+ +
°Zr02 °2r

0. 09T fzr

[
U02

compound densiLy (kg/m3)

U0, density obtained from the FDEN subcode (kg/m>)

2

ZrO2 density obtained from the ZODEN subcode (kg/m3)

® 7y zircaloy density obtained from the COEN subcode (kg/m3) .

fquation (G-13) 1s derived by assuming that each compound component
contributes a volume equal to the volume the component would have as a free
substance. The compound density 1s thus the total mass divided by the total
vo lume




where

N = nuniber of moles present in the compound.

Cancelation of the common factor N and substitution of the comperent mole
weights in Equation (G-14) yield Equation (G-13).

Table G-13 is a listing of the ZUTEXP function and Table G-14 presents
tne ZUDEN function listing. Plots of the calculated thermal expansion
strain and density of a compound made up of 0.2 weight fraction 002 and
0.8 weight fraction ZrQ, are shown in Figures G-5 and G-6.

Model predictions are compared with thermal expansion stra:ins and
densities measured at 293 K by Deem (Table 12 of Reference G-3) for several
U02 - ZrO2 compounds in Tables G-15 to G-19. The standara error of the
ZUTEXP function calculations is +1.0 x 10'2 and the standard error of
the ZUDEN function calculations is +3 x 102. These standard errors are
recomnended as the expected standard errors of the ZUTEXP and ZUDEN function

calculations.

ZIRCONIUM-URANIUM-OXYGEN COMPOUNDS CUEFFICIENTS OF FRICTION
(ZUFRIC)

The function ZURRIC returns the coefficient of friction of flowing
Ir-U-0 compounds. The correlations used for this coefficient are

F = 0.0791 Re(°0'25) , Ry > 7539.42 (6-15a)
64 ol

F =9t ,7539.42 > R, > 10 (G-15b)
7 o

F=64x10 , Rec< 10 (G-15¢)
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LiSTING OF THE ZUDEN FUNCTION
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TABLE G-15. ZUTEXP CALCULATIONS AND DEEM'S DATAG=3 FOR A (.2 U0~
0.8 Zr0y WEIGHT FRACTION COMPOUND

Temperature Obserjgd Strain Calculf;ed Strain
(K) (10 ° m/m) (10°° m/m)
293 0 0
373 0.03 0.06
473 0.09 0.15
573 0.18 0.23
598 0.20 0.24
636 0.00 0.27
673 -0.33 0.31
873 -0.08 0.47
1073 0.15 0.63

1273 0.38 0.80
1473 0.59 0.97
1673 0.81 -0.84
1873 1.04 -0.57
2073 1.28 -0.31
2273 1.58 -0.05
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TABLE G-16. ZUTEXP CALCULATIONS AND DEEM'S DATAG-3 FOR A 0.32 U0,-
0.68 2r0; WEIGHT FRACTION COMPOUND

Temperature Obserzzed Strain Calculfged Strain
i (10_~ m/m) (107° m/m)
293 0 0
473 0.17 0.07
673 0.40 0.31
873 0.65 0.48
1073 0.88 0.65
1273 1.1 0.82
1473 1.35 1.00
1673 1.57 -0.61
1873 1.81 -0.35
2073 2.08 -0.08
22173 2.33 0.18
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TABLE G-17. ZUTEXP CALCULATIONS AND DEEM'S DATAG-3 FOR A 0.5 UO)-

0.5 Zr0p WEIGHT FRACTION COMPOUND

Temperature
(K)
293
473
673
873
1073
1273
1473
1673
1873
2073
2273

Observed Strain
(1072 am)

Calculated Strain
(1072 mym)

0

0.16
0.37
0.61
N.84
1.08
1.32
1.56
1.80
2.08
2.46

0
0.15
0.32
0.50
0.68
0.87
1.06
-0.21
0.05
0.33
0.59
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TABLE 5-18. ZUTEXP CALCULATIONS AND DEEM'S DATAG-3 FOR A 0.94 UO,-
0.06 2r0, WFIGHT FRACTION COMPOUND

Temperature Obser\.aga Strain Calculf;ed Strain
(K) (10" m/m) _ (107" m/m)
293 0 n
473 0.17 0.18
673 0.39 0.37
873 0.63 0.58
1073 0.87 0.80

1273 113 1.03
1473 1.41 1.27
1673 1.67 1.29
1873 1.94 1.56
2073 2.22 1.84
2273 2.54 2. 12
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TABLE G-19. ZUDEN CALCULATIONS AND DEEM'S COMPOUND DENSITY DATAG-3

Compos ition Ouser;ed Density CaICul;tea Density

(weight fractions) (107 kg/m ) (10”7 kg/m )

0.2 Uup-0.06 Zr0y 6.26 6.40

0.32 U0p-0.8 Zrup 6.81 6.83

0.5 U0,-0.5 Zr0; 7.62 7.59

Low density 5.46 6.83
0.32 U02-0.68 Ir0p

U.94 V0p-4.06 2r0p 9.92 10.04
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where

F = compound coefficient of friction (Pa/Pa)

Re = Reynold's number (unitless).

The correlations are an engineering estimate and have an expected
standard error of 0.90 of their caiculated value.

Table G-20 is a listing of the ZUFRIC function auna Figure G-7 illu-
strates the coefficient of friction calculated with the ZUFRIC function.

LIRCUNIUM-URANTUM-0XYGEN COMPOUNDS INTERFACIAL SURFACE TENSION
(ZUSTEN)

The function ZUSTEN returns the interfacial surface tension of molten
Ir-U-0 compounds on zircaloy cladding. The value used is

T = C.45 (G-16)
where

T =z interfacial surface tension (N/m).

The value is an engineering estimate®® and has an expected standard
error of
+1.0
-0.4

Taule G-21 is a listing of the ZUSTEN function.

ZIRCONIUM-URANIUM-OXYGEN COMPOUNDS VISCOSITY
(Zuvisc)

The function ZUVISC returns an estimate of the viscosity of both solid
and liquid Zr-U-0 compounds as a function the composition and temperature
217



TABLE G-20. LISTING OF THE ZUFRIC FUNCTION

OCOOCOOOOOOOO

FUNCTION ZUFRIC(RE)

UFR{C RETURNS THE COEFFICIENT OF FR CTlgN OF
LOWING ZIRCALOY-URANIUM=-OXYGEN COMPOUND

LUFRIC = CUTPUT COEFFICIENT OF FRICTION (PA/PA)
RE = INPUT REYNOLDOS NUMBER (UNITLESS)
IUFRIC WAS CODED BY Ds L+ HAGRMAN MARCH 1982

) THEN
E**(=-0.25))

HE
(R
) THEN

.
06
RF
+

o7

ENTIND Xe
MmMC CM e
"

X MWe

L o
-
N

o Ore

218



10°

1 : H
\
k=
11
. I
&
. N,
o, N
T
c 4 1 l
£ \
é". — s
D) [ AN
&
brc’- y 14
3 S
v N
S4-1+
1 r
L |
oL LU LU L | .
e TR s e S H, - —~
10 10 10 10 10 10

REYNOLOS NUMBER (UNITLESS)

Figure G-7. Coerficient of friction calculated with
the ZUFRIC function.
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TABLE G-21. LISTING UF THE ZUSTEN FUNCTION

aln’als’slalalels T

FUNCTION ZUSTEN(ZUTENP)

ZUSTEN RETURNS THF INTFRFACIA& SURFACE TENSION OF MOLTEN
ZIRCONIUM=UPANTUYM-NYYGEN COMPOUNDS ON ZIRCALOY RODS
TUSTEN = OUTPUT TNTERFACTIAL SURFACE TENSION (N/M)

IUTEMD = INPUT CAMPNIYUND TEMPERATURE (K)
JUSTEN WAS TODEN Y N, L. HAGRMAN MARCH 1982
IUSTEN = 0,45

RPETURN
END
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of the compound. The expression used to calculate viscosity tor temperature
pelow the solidus temperature (which is provided by tne PSOL function) is

4
ng = 1.38 exp (ﬂigigrf-ulﬂ (6-17)
where
" = viscosity of solid Zr-U-0 compounds (Pa s).

This correlation is the expression used for solid UO2 viscosity in
the FVISCO subcode ot MATPRO-1! Revision 2. For temperatures above the
liquidus temperature a mole fraction average of the component viscosities

is used

"1 * o, "wo, * zro, "zr0, * Tzr "2 (6-18)
whire

" = viscosity of liquid Zr-U-0 compounds (Pa<s)

"U02 = viscosity of liquid UO2 (Pa*s)

"Lro? s viscosity of liquia Zro? (Pass)

P = viscosity of liguid Zr (Pa+s).

"U02 is calculated with the appropriate expression
from the FVISCO subicode:

= 1.23x 1072 -2.09x 0% 1 . (6-19)

n
U02
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Nzpg. 4Nd n, . are calculated with correlations recommended by Nazare,
2

Ondraek, and SchulzG"l

g, = 1422 x 1078 exp (19+§99) (G=20)
2

0

nzpe = 1.90 x 107% exp (9’—39-) : (6-21)

For temperatures oetween the solidus ana liquidus temperatures of the
compound, an interpolation scheme is used

Ny (T = Tgoy) *ng (Tliq =]

n = (6-22)
Tliq = Tsol
where
TSol = solidus temperature (K)
Tliq = 11quidus temperature (K)

Viscosity ot Zr-U-0 compounds (Pass).

3
L]

Table G-22 is a listing of the ZUVISC function. Figure G-8 illustrates
the effect of temperature on the viscosity of a compound composed of
two-tnirds mole fraction zircaloy and one-third mole fraction UOZ’

The expected standard error of viscosities i1s +0.8 of the predicted
value because there are no data in support of the model.
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LISTING OF THE ZUVISC FUNCTION

FUNCTION ZUVISC(U»Z»ZUTEMP)

TABLE G-22.
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(continued)

[ABLE G-22.

2E+Q4/ZUTENMP)
-gsgtDOVSEL‘(TLIO-ZUTEHP))I

ONITD em>0
I O M-
Wl * a0 e ~
MUY eri B
NNOO
* «> Do WL
v oL E O
e A
LI ] ">
e Dwnd
NN D>y
(e lan & 0L g
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= -

RETURN
END
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VISCOSITY (PAxS)
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Figure G-8. Viscosity of a compound composed of 0.33 mole

traction Zr and 0.67 mole fraction U0y.



HEAT uk SOLUTION OF UO2 BY ZIRCONIUM-
URAN]UM-OXYGEN COMPOUNDS
(ZUSOLN)

ZUSOLN returns an estimate of the heat required to liquify U02 in a
zircaloy-uranium-oxygen compound as a function of the compound composition.

The expression used to calculate this heat is

1.52

-+

.50 - 0.5 5

) 5 )
where

Q = heat required to dgissclive a unit mass of U02 ina
zircaloy-uranium-oxygen compound (J/kg)

U = atomic fraction uranium in solvent (atoms uranium/atoms
solvent)

l = atomic fraction zirconium i1 solvent (atoms zirccnium/atoms
solvent).

fquation (G-23) is an interpolation between the heat of fusion for
UOZ' 2.74 x 105 J/kg.a and the heat of fusion for 002 minus the
difference in the heats of formation of Zr02 and U02 given on page 208
of Reference G-7. The coefficient of the U02 heat of fusion is the ratio
of the molecular fraction of U02 to the sum of fractions of UO2 and Zr
in the solvent (tncse fractions were derived at the beginning of this

appendix). Thus, when this fraction is one, UQ, is being melted in a

2
mixture of U02 and Zro2 SO the appropriate heat 1s the energy necessary
to melt the U02.

Tne coefticient of the first term in Equation (G-23) is the ratio of

the molecular fraction or Zr to the sum of the fractions of uoz and Zr in

a. This number 1S taken from the PHYPRP subroutine.
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is being dissolved in zir-

the solvent. When this fraction is cie, UO2
conium. There are no data for the heat required to do this so it was esti-
mated by approximating the dissolution as a fusion of U02, followea by
removal of the 02 from the uranium and addition ot the O2 to a zirconium
atom. The resultant number is very similar to the heat of fusion of UOZ‘

5 5

With the current numbers, 2.69 x 10” and 2.74 x 107, use of
Equation (6-23) to interpolate is not necessary. However, the large uncer-
tainty, #3 x 105, suggests that it is prudent to maintain the eguation
until measurements confirm that tne actual number for the heat of solution

of U0, by zirconium is near the heat of fusion of UOZ'

2

Table G-23 is a listing of the ZUSOLN function and Figure G-9 illu-
strates the small effect of solvent composition on the heat required to

dissolve U02.

REFERENCES

G-1. S. Nazare, G. Ondracek, ana B. Schulz, "Properties of Lignt Water
Reactor Core Meits," Nuclear Technology, 32, 1977, pp. ?39-246.
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G-3. H. W. Deem, Fabrication, Characterization, and Thermal-Property
Measurements ot /ru,--Base Fuels, BMI-1775, June 1966.

G-4. B. Aveles, "Lattice Thermal Conductivity of Disorderea Semiconductor
Alloys at High Temperatures," Physical Review, 131, 1963,
pp. 1906-1911.

G-5. W. G. Rauch, Uranium-Zirconium Cermets, ANL 5268, 1954.
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APPENDIX H
SUPPORTING MATERIAL FOR MATPRO
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APPENDIX H
SUPPORTING MATERIAL FOR MATPRO

This appendix describes functions which are not logically part of a
materials properties package b.t are closely associated with the package.
Three new functions are described here. The first simply collects heats of
fusion which have been previously discussed as part of enthalpy subcodes
into a single common block. The second two convert mass fractions to atomic
fractions and vice-versa for zirconium-uranium-oxygen compounds.

COLLECTED HEATS OF FUSTON
(QFUSON)

OFUSON calculates the heat of fusion of uranium dioxide, zircaloy,
silver-indium-cadmium or boron carbide absorber material, 304 stainless
steel, Inconel 718, and zirconium-uranium-oxygen compounds. The required
input uata are an indicator specifying which kind of neutron absorber is to
be considered and the composition of the zirconium-uranium-0xygen compound.

The values of the heat of fusion used in QFUSON are given in Table H-1.
All but the last two entries of the tanle have been discussed in conjunction
with enthalpy subcoades. For lnconel 718, tie heat cf fusion was estimated
by multiplying the mclar heats of fusion of N1 and Cr, the main components
of Inconel 718, by the atomic fraction o” these elements in the alloya and
diviging tne sum by 0.111, the weight of a gram-mole of the alloy in kilo-
grams. The elemental heats of fusion were obtained from pages 186-188 of
Reference H-1. For Zr-U-0 compounds, a similar mole fraction weighted
average of the molar heats of fusion of UOZ’ Zr02. and Zr is employed.

Table H-2 is a listing of the QFUSON subroutine.

a. A composition of 0.769 atomic fraction Ni and 0.231 atomic fraction Cr
was assumed.




TABLE M-i. HEATS OF FUSION CALCULATED IN QFUSON

Heat of Fusion
Material (J/kg)

Uranium dioxide 2.74 x 105

Zircaloy 2.25 x 105

Zircaloy oxide 7.06 x 105
Silver-indium- 9.56 x 104
cadmium )

Boron carbide 2.74 x 105

304 stainless 2.5 x 10
steel

Inconel 718 3.2 x 105
5 5 y
2.74 x 10° x 0.27 f,. + 7.06 x 10° x 0.123 f
UO2 ZrO2
P-U- CONgUNG T T v 03T
UO2 ZrO2

+2.25 x 10° x 0.091 f

lr

+ 0.091 fér




TABLE H-2. LISTING OF THE QFUSON SUBROUTINE

ialalslalalslelelalaleale ol el la e ieln s Bl

QOO0
[=lelele]
SLror

SUBROAUTINE QFISON

QFUSION STOPFS WFEATS NF FUSION IN THE COMMON RLOCK HEUSON
FHEFUS =« DUTPHT 1'N2 HFAT OF FUSION (J/KG)
CHEFJUS = CUTPU'Y 7TRCALNY HEAT OF FUSION (3/XG)
ZOHFUS e OUTPUT 7072 HFAT OF FUSION (J7%G)
AHEFUS = CUTPUT NFUTRAN ARSOPRER HFAT OF FUSION (J/KG)
SNFFU§ = QUTPUT 304 STATINLESS STEEL HEATY OF FUSEION (3/XG)
HHEFI'S e QUTONT TNFCTNEL 718 HEAT OF FUSTION (J7KG)
IUHFUS = QUTPUT 70«1=nN CNMPOUND HEAT OF FUSION (J/KG)
u = INPHT ATAMIC ERACTINN URANIUM IN COMPOUND
(ATOMS HRANTIM/ATOMS [N COMPOUND)
? « INPUT ATNM™IC FRACT;SN ZIRCONTUM IN COMPOUND
(ATOMS 7TPCANTUM/ATONMS IN COMPOUND)
ICTYPE = INPUY AQASNOAED MATFRTIAL TYPF
1 @ SYLVFR-INDIUM=CADMTUM (,85.155.05)
7 = ANONN "RKAIDF
QFUSON wAS CNNED aY A, L, HAGRMAN APRIL 1982,
Connnu /I HFUSON 7 7 ICHPE.FHEFug.CHEFUSpZOHFUS»
, ) " . AH“"S-SHFFUS. HHEFUS» ZUMFU
- :s - -
IFCLY ¢ 7) LT, (0,5 * X)) THEN
) e U
U= U/(3, * (' ¢ 7))
Z = 7703, % (UN &+ 7))
X @ o =~ =7
WIITE(6,901)
WeTITE(K,902)
WAITF(6,901) "e? .
ELSE
IFLL0.5 * X) LY, 1) THEN
Ug = U
J = U/(3, = U+ 7)
I = 72703, * UN &+ )
X = 1. - 1) - 7
WRITF(A,994)
WEITE(A,902)
WRITF(K,9N3) 11,7
ENDIF
ENDIF
FUN2 = U/(U+7)
FI02 » (0,5 ¢ ¥ = N)/7(U &+ 7)
FIP = 1, = FHN2 - F7I02
FOCRMAT(1HO,mCONDNIIND NYINTZFN QEYOND METAL NIOXTDEW)
FOPMAT(1HC,"vATORN CHNPTION OFUSON HAS PFDEﬁtNFD THE COMPOUNN®)
FORMAT(LHO,™ (| = 0 C1%5,%s" 2 E15
FORMATLLINO, wEOMRE NN WA S TOO L!YYLE DXYG¢N TC FORM U002 FROM uw)
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02 ¢ 0.091%F2FR)

0.123%F202 +
23%F

«2THFUN2 & TOMFUS*0,123
110, 270%FUD2 ¢ 0.,123%F2

2) THEN
042
Y7 1

s 9,56F+04

-

=

-

P

U
FFUS =

2 T4F 05
-
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(S T
vyl o
- O
NN o

o
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DRSDVE T DODu
e s L e W
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TICQUY 4 ZTITOOLOWE
WONS W WWnNIN aw
-

2.74F 405

2.725F #N5

T.06F 405
T,

(continued)
£
S

TABLE H-2.
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MASS FRACTION-MOLE FRACTION CONVERSIONS
(PMOLE, PMASS)

PMOLE 1s a subroutine which calculates tne atomic fraction of uranium,
Zirconium, and oxygen in a uranium-zirconium-oxygen compound given the mass
fractions of uranium and zirconium. The inverse conversion is performed by

PMASS.

The expressions used to find atomic fractions from mass fractions are:

Wl
s Ll
0.238 * 0,097 * DL0T6

Wl
z G.091
L2 W W W (H-2)
0.238 * 0.091  0.016
X=1=-U-12 (H-3)
where
U B atomic fraction ot uranium in compound (atoms uranium/atoms
compound )
l N atomic fraction of zirconium in compound (atoms zirconium/
atoms compound)
X = atomic fraction of oxygen in compound (atoms oxygen/atoms
compounc)
W = mass fraction of uranium in compound (kg uranium/kg compouna)
Wl = mass fraction of zirconium in compound (kg zirconium/kg
compourid)
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WX = mass fraction of oxygen in compoundy (kg oxygen/kg compound).

In order to find mass fractions from atomic fractions, the following

expressions are used:

0.2380

WU * 57380+ 0.097Z + 0.0T6X (H-4)
i 0.0912

WZ = " ¥ 0. + 0.018X (H-5)

WX =1 - WU - WZ . (H-6)

All of these equations can be deduced by regarding the atomic weights
Of urdnium, zirconium and oxygen (0.238 kg/gm-mole, 0.091 kg/gm-mole and
0.016 kg/ym-mole, respectively) as factors which convert fractions of a
k1logram ot cumpound to moles or fractions of a mole of compound to kilo-
grams. Equations (H-3) ana (H-6) are simplifiea forms which use the con-
straint that all fractions of a compound must sum to one.

Tables H-3 ana H-4 are listings of the PMOLE and PMASS subroutines.

REFERENCE

H=1. C. J. Smithells and E. A. Brandes (eds.) Metals Reference Book,
London and Boston: Butterworths (TX671 S55 1956).
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LISTING OF THE PMOLE SUBROUTINE

TABLE H-3.
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