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k ABSTRACT
!
:

This report documents the extension of an older package of light water
,

reactor materials properties computer subcodes to consider properties appro-
! priate to severe core aamage modeling. The work is preliminary because no
!- . effort has been maae to subject the new data to the critical review given
I to the data used in the 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 addition, the subcodes for

properties that have been available were being used at temperatures beyond ,

those intenoed. For this reason a preliminary update has been completeo to

! extend the package to temperatures above cladding melt and to include pro-
a

i perties of interest for modeling molten material flow.

;

; New materials have been added to the package so that analysis may con-
sider 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 has been made to subject the data 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 model
and many of the estimates are more than half the given value of the pro- ,

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 flowing cladding in the temperature range 2l00

through 2600 K. There are some data for Zr0 -U0 mixtures so the2 2

description of oxioized 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

j thermal, mechanical, and chemical behavior of light water reactor fuel rod ,

bundles during a severe reactor accident.I A'n important part of this
cevelopment is the extension of tne existing materials properties data basei

'

to the high temperatures and complex mixtures or compounds which may be

present in a severely damaged core. This document is a preliminary
extensionoftheMATPROmaterialspropertiespackkge-5 to include new2

'

properties required for the initial version of SCDAP, SC0AP/M000.

The extension includes fifty subcodes and is preliminary because the
data supporting the subcodes have not been subjected to the critical review
that has 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 ano mixing.0 Existing properties

i for fuel and zircaloy cladding must therefore be extended to include the
! liquid phases of these materials. In addition, liquid zircaloy can flow

onto U0 and dissolve the oxide to form a uranium-zirconium-oxygen com-
2

pound wnos behavior must be modeled. Since the current MATPR0 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-
ponents are considered by the SC0AP/M000 computer code. Water properties

1

.



.. -,

are not included in this update because they are already available from the
7THERM 0 and FPROP subroutines of the TRAC-BD1 code which is being adapted-

for use with SCDAP/M000.
.

The new properties subcodes are contained in appendicies to this
report. These appendicies are organized in a format which is compatable ,

with their eventual adoition to the MATPR0 handbook.

;

.

9
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2. EXTENSION OF MATPR0 PROPERTIES TO INCLUDE

SEVERE CORE DAMAGE ANALYSIS l

Most of the fuel, cladding and gas material properties required for-

fsevere core damage analysis are contained in Appendices A, B, and C of the
MATPR0 handbook.2 Minor changes to these routines to extend them to.

higher temperatures art described in Appendices A and 8 of this report.
Appendices D throuph G are descriptions of materials properties subcodes
that are new. No change has been made to the models in Appendix C of the

l MATPRO handbook.
'

Table 1 is a list of the 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
dioxide fuels. Appendix B, Cladding Material 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 F assumes the grid spacers are made of Inconel 718 (the*

properties of Appendix 8 can be used if the grid spacers are zircaloy),

t

.

e

3
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TABLE 1. PROPERTIES AVAILABLE

Property Subcode

Fuel Material Properties (Appendix A) -

aSpecific heat capacity FCP, FENTHL -

.

Thermal conductivity ,b FTHCONa

Emissivitya FEMISS

|
Thermal expansion .c FTHEXP, FDENa

f Elastic modulia FELM00, FPOIR

Creep ratea FCREEP ,

Densificationa FUDENS

Swellinga FSWELL

Pressure sinteringa FHOTPS

aRestructuring FRESTR

Fracture strengtha FFRACS .

a FGASRLFission gas release
'

Cessium and iocine releasea CESIOD

a FVAPRSVapor pressure

Visocitya FVISCO

0xidationd FOXY

Melting temperaturesb FHYPRP -

|FuelRodCladdingMaterialProperties(AppendixB)
;

Specific heat capacity and enthalpy ,b CCP, CHSCP, CENTHL,a

Z0CP, ZONTHL

Thermal conductivitya,b CTHCON, Z0TCON
,

Emissivitya ZOEMIS .

.

1
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TABLE 1. (continued)

Property Subcode

Fuel Rod Cladding Material Properties (Appendix B)*

Thermal Expansion and Density ,b CTHEXP, CDEN, Z0TE P,a

ZODEN-

Elastic Modulia,b CELM00, CSHEAR,
CELAST, ZOEMOD, Z0P0lR

f Axial growtha CAGROW

Creep rate CCSTRN, CCSTRSa

Plastic deformationa CSTRES, CSTRAN, CSTRNI,
CANIS 0

aAnnealing CANEAL

Texture factorsa CTXTUR

Mechanical limits ,b and embrittlementa CMLIMT, CBRTTL, ZORUPa

aCyclic fatigue CFATIG
.

Collapse pressurea CCLAPS

Oxidatione CORR 05, COBILD, COXIDE,.

C0XWTK, C0XTHK

aHydrogen uptake CHUPTK.

a CMHARDMeyer hardness

Melting temperatures, phase transformation CHYPRP, 20PRP
temperaturesb,c

Gas Material Properties (Appendix C)
,

Thermal conductivitya GASCON, GTHCON, GJUMP*

d GVISCOGas viscosity

Neutron Absorber Properties (Appendix 0)
.

cSpecific heat capacity and enthalpy ACP, AENTHL

'

Thermal conductivityc ATHCON

5
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|

TABLE 1. (continued)
|

Property Subcode-

c ATHEXP, ADENThermal expansion and density *

Surface tensionc ASTEN
.

Viscosityc AVISC-

c AHYPRPMelting teng;erature
;
1

}ControlRodCladdingProperties(AppendixE)
! Specific heat capacity and enthalpyc SCP, SENTHL

Thermal conductivityc STHCON

Tnermal expansion and densityc STHEXP, SDEN

: 0xidationc 50XIDE, 50XWGN, 50XTHK

!! citing temperaturec SHYPRP<

Grid Spacer Properties (Appendix F)

Melting temperaturec HYPRP .
,

Zirconium-Uranium-0xygen Componds Properties
(Appendix G) .

;

. Specific heat capacity and enthalpyc ZUCP, ZUNTHL
;

! Thermal condictivityc ZUTCON

j Thermal expansion and densityc ZUTEXP, ZUDEN
9'

i Coefficient of frictionc ZUFRIC
1

Interfacial surface tensionc ZUSTEN
,

! Viscosityc ZUVISC4

Rate of UO -zircaloy reactionf PSUZ2

Heat of solution of solid 002 by ZUSOLN ,

czirconium-uranium-oxygen compounds

Melting temperatures and solubility 9 PSOL, PLIQ, PSLV
,,

6

i
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TABLE 1. (continued)

Supporting Material for MATPRO (Appendix H)

Linear interpolationh POLATE*

,

Collected heats of fusionc QFUSON
.

cMass fraction-mole fraction conversions - PMOLE, PMASS a-

$h&;fy-
The model is described in the MATPRO-ll document with Revisions 1 and4

'"'';'v--bt

~ 2a.
(Reference 2).

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

c. The model is a preliminary subcoce described in this document.

d. The 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 described in Appendix 0 of the MATPRO-ll
Revision 2 document but will be moved to Appendix H.

|.

3

e

.
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APPENDIX A

FUEL MATERIAL PROPERTIES

The only changes required to extend the MATPRO-il, Revision 2 fuels,

materials properties to high temperatures are a revision of the fuel thermal
conductivity subcode to incorporate the first data for liquid U0 thermal

2,

conductivity and the addition of a subcode to calculate fuel density. An
additional subroutine which calculates melting temperatures has been added

for consistency.

| FUEL THERMAL CONDUCTIVITY (FTHCO*4)

The revised expression for the thermal conductivity of liquid UO r
2

mixtures is* UO2 - Pu02

K = 11.5 (A-1)

where ~

.

thermal conductivity (W/m*K).K =

.

Kim et al.(A-1) provided the data which allow a calculation of ther-
mal conductivity. They measured the thermal diffusivity of 0.813 and
1.219 mm layers of molten U0 , in the temperature range 3187 through

2

3315 K. The values obtained, 1.90 x 10-0 to 3.23 x 10-6 ,2/s, can be
used with measurements of specific heat and density to calculate the thermal
conductivity from the relation

i
K=C p a

p

where
.

specific heat capacity (J/kg K)C =
p

,

11

.
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:

1

i

density (kg/m )=-c,

; . .

2; thermal diffusivity (m /s).a =

.,

' aSubstitution of the MATPR0 values for C and o at melting into
p

' ~

Equation'(A-1) yields-thermal conductivities in the range 8.5 to-
;

j 14.5 W/m K. These conductivities are an order of magnitude larger than ,

i i -the' estimate used in MATPRO-il Revision 2.
I,

1

s

Kim et al., interpret this unusually high conductivity as being due to-

| internal infrared radiation heat transfer in the' liquid U0 which is not
2

i allowed in the solid because of the effect of scattering centers such as
j grain boundaries or voids. Although they caution that radiative thermal

diffusivity depends on the thickness of the material as well as on the'
'

cmissivity 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)

{ is the average of the range of values calculated from the data-of Kim -

! et al. An uncertainty of 10.3 times the giver. liquid conductivity is
estimated from the range of values measure:.. .

i
The revised FTHCON subcode is lit,ted b fable A-l. Figure A-1 was

; generated using the subroutine with an input value of 0.95 of the
j theoretical density.
.

i

i

FUEL DENSITY (FDEN)

| }

The F0EN function determines the theoretical density of UO2 "81"9*
,

| froomtemperaturedataandthermalexpansionstrainscalculatedbythe
1

{ FTHEXP subcode. The relation used is
j .

1

o = 10,980 (1 - 3eU0 } (^ }
2

.

1

I

i
: a. Cp = 502 J/kg K !

3 3
| o = 10.98 x 10 /[1 + 3 (0.035 + 0.045)] Kg/m ,
)

i

,
12 \
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TABLE A-1. LISTING OF THE FTHCON $UBROUTINE

SL BkOL T 1ht F THC UN ( F TEM Ps F R ADENs F OTMT L s CONS Dk D1)
* ADL TIVITY AND ITS

kHERMAkT
F1HCUh LALLULATES THE FutL

EMPER E A A FOhC T10N OFC OLRIVATIVL WITH RESPECT TO
C TE MFE R A TUR Ls CENSITYs UXYGEN TO METAL RATICs CLhPOSITION
C AhD BURNUP
4

'

ULTPbT FULL THEKMAL CONCUCTIVITY (h/th*K))L CCh =

UUTPUT UERIVATIVt OF FUEL THE kMAL CONCbCT1v1TYC OhDT =

C h1TH RL SPtCT 10 TEMPtRATURE (w/N*K*K))
C

1hPul FUEL TEMPERATURE (K)C F1tMP =

IhPUT FUEL DENSITY (RATIU LF ACTU AL DEhS11Y TOC FRALEN =

C THEOPLTILAL DENSITY)'

IhPUT OXYGEh TO MET AL PAT 10 0F FULL (A10MS OAfGEN/i L FLThTL =
^

C ATUh5 NETAL)
C
C ThE FOLLOWIbG 1hPoT) ARE BY COMh0N BLOCK

INPUT PUU2 CONTtNT OF FULL (PERCENT PUO2C CLMP =

C IN TOTAL FutL wElGHT-)
INPUT BURNUP (M4-5/KG-U)C BU =

OMPUTE D BUT -NOT RETURNED
THE FULLOWlhG UNCERTAINTY SfkNOUT Pui EXPLCTED Akb EkRCR OF 1HE FUELL UC0b =

C TbF RF AL CONDLC TIVIT Y (W/(M*K))
C

AW1'bM 0 1 RAfb I hHkA. N N T A
C CONDUCTlkITYs I R ANS ACT10N5 0F THE AMERIC AN NUCLE AR
C S OC I t1 Y 7 (1964) PP. 391 - 392
C (1) T. 6. 60LFREY ti AL.s THERMAL C0hDLCTIVITY OF
C UkANIUP UluXIDL AND ARhLU l>0N 6Y AN IMPROVED-

C HLA1 FLOW TdCHNIQU6, ORNt-35>o (1954)
C (3) J. L. bAIEbs HIGH T EMPEk ATUh b THExM AL CONLLCTIVIT(
C OF RULNU kOBlh URANILM U10xlLE, BNWL-1431

(1970)THEC (4) k. L. 61bBYs THE EFFECT OF PLUT0h10M CONTENT Oh.

C THERhAL LONOUCTIVITY OF (usPulb2 SOLID SOLLT10hss
C JULFhAL CF hUCLtAP MATERIALS 36 (1971) PP 163 - 177
C (S) J. C. wt1L6ACH6R, OlFFUSIVITk IHERM10bE DE L OXIDE
C D LRAhluM LT DE L OXADL LL THOFILM A H AL TL ItMPekATUKbs

b bbubLASsb (6) D 1 ND J . M A R EN. .

MATLRfUMD10x1kEhJ)670-C THL THERNAL CONDUCTibITT OF URAN
AL5 47s 19 s PP 31 - 42C 1270 Ks JUORNAL UF NUCLcAR

C (7) 1. C. HULSON ET AL.s cFFECT OF FOROS11Y AND STOICHIOMETRY
F ON lHE lbE KMAL 0 0NDUC TiviIY UF UR AN1UM DICK 10Es JOURNAL
& OF PHYSICS SECTION Dt APPLIED FHYSIC4 7.(1974)
C PP 1U03 - 101L
C (b) k. L. bicBY, THE THExPAL DIFFUSIvlTY ANL THEKMAL

_.

.

e
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TABLE A-1. (continued)

C CON 00CTIVI TY OF S TOIC H IGM E T R IC (UO.8,PUO.2302, BNWL-704
C (19o8) .

C (9) R. L. GIBB Y. THE EFFEC T OF OXYGEN STO TCHIOME T RY GN THE
C THERMAL DIFFUS IVIIf AM D C OND'JC T I VI f Y-OF-(UOv7bs P UO.2 5 )--- -
C 02-X BNWL-9 2 7 ( 196 9 )
C (10) L. A. GOLDSMITH AND J. A. M. DOUGLAS, THE THERMAL

^

C CONDUCTIVITY OF PLUTIONIUM-URANIUM OIDXIDE AT
_ ...___c____. --T E M PE R A T UR E-S U P - T O - 13 7 3 n ,-- J OURN AL--OF - NilC tfAR--N A T ER I-AL S- - -- -

C 43 (1972) PP 225 - 233
C (11) H. E. SCHMIOT, DIE WAERMELEITFAEHIGKEIT VON URAN AND
C URAN-PLUTINIUM OIOXYD BEI H0 HEN TEMPERATURENs FORSCnUNG
C -- INGENIEUR-WEISEN 30 (19761-PP-149 -151- - - - - -

c (12) D. R. OLANDER, FUNDAMENTAL ASPFCTS OF NUCLEAR REACTOR
C FUEL ELEMENTS, TID-26711-P1 (1976)
C (13) C. S. KIM ET. AL., MEASUREMENT OF THERMAL DIFFUSIVITY

-C UF-MOLTEN 002, - PROC Et0 INGS -OF THE-$ E VEM TM-S YMPU S-lOM- ON - -- -

C THERM 0 PHYSICAL PROPERTIES AT THE NATIONAL BUREAU OF
C STANDARDS, GAITHERSBURGe MARTLAND, MAY 10-12, 1977,
L PP. 338-343. CONF 770537-3.
C
L FTHCON WAS ORIGIONALLY CODED BY C. S. OLSEN FEB 1975

MODIFIED BY D. L. H AGRM AN M ARCH 1982{
- CONNON / PHYPRO / FTM E Lis FHE FUS s CTMF L T , CHEFUS s CTit ANBs-
W CTR ANES CTR ANZsFDELTA, bus COMPS DELuxY

C

C- - -- --------- ---- --

C IF FUEL HAS MELTED SET GUTPUT AND RETURN
C

LT. FfMELT) GO TO 5
. _ . QFTt{,g __ ._ _ _ _ ___ _ _

,

DKDT 0.=

3.45UCON =

5 UE- - - - ~ ~ - - - - - - - - - - - - - - -

.

c
C FIND CONSTANTS
C

- - - - - - -- - - - - - - - -FRPU = COMP /100. -

0.339 + 12.6 * ABS ( 2.0 - FOTMTL )f. =

IF (FRPU .GT. 3.73) FRPU = 0.75
6.do7E-02 * (1.0 + 0.6238 * FRPU )B =

T= FTEMP - -' '-

11 =

C
C FIND SPECIFIC 4E AT AT CONST. VOL. AND VOLUME CHANGE

| L
__ __

'

10 TR = $35.2e5/T

FXP(TR)E-02 *1.0)**2
)296.7 * TR * TR * EXP(TR) / ((CV -=

1.0 + 3.0*(1.0E-35 * T - 3.0E-03 + 4.0DV =

.| 8 6XP(-5.Ut+03/T)) --- - - - - - --

'

IF(FRPU .LT. 0.0001) GO TO 20

. - - . _ . . . .-

|

I

i 14*
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TABLE A-1. (continued)

i

|
.

C ,

*
>

C USE ROLE OF MIXTURES FOR MIXED OXIDES I
l

TR = 571.0/T
- C V --= C V * ( 1.0 - FR PU )- + ( 3 4 7 . 4 - * - T R-+--T R--* ---E X P -i T R ) - / - -

1.0 )**2 )) * FRPU# (( EXP(TR) --

+ 3.0 * ( 9.0E-06 * T
(1.0 - FRPU)5.072E+03/T))DV = (DV - 1.0 ) *

7 0E-02 * EXP(- * FRPU + 1.0# - 2.7E-03 +
. . - - c .

C FIND PORdSITY CORRECTION
C

6.50 - 4.69E-03 * T20 6 ETA =
15. 81130 8 - -- -T * ( #018 3 3 6 4 7-T * 5. E-61 -. IF(T .GE. 1364.6471-BETA- =-

1 IF(T .6T. 1833.647) SETA = - 1.0
C

FIND ELECTRONIC CONTRIBUTION
_ { _ __ _ _ __ _ _ _ _

CONE = (5.2997E-03 * T * EXP(-13358.0/ T )) *
* (1.0 + 0.169 * ((13350.0/ T + 2.0)**2 ))

iBTEMP =

IF(T .GE. 1800.-) BTEMP - - -3 2 4 0 . -+- T-- *-( 4 . 6~--T- -*-0 . 0 0 lt -- -
2050.IF(T .GE. 2300.) BTEMP =

C
C FIND CONDUCTIVITY
c _ _ _ _ _ _ _ . . . . . _ _ . _ _ _ _ _ _ . . _ _ _ . - . . . . _

(C V * FDADEN)/(DV * (A + B * BTEMP ) *C(I) =

W (1.0 + BETA * (1.0 - FRADEN))) + CONE
C

---- - C
C FIND DERIVATIVE OF FUEL CONDUCTIVITY
h

'

I + 1 .I =

FTEMP + --- ( ( -1. 0 ) * * I ) - - - - - - - - - - - - - -- - - - - - - -

C T =

C IF(I .LT. 3) GO TO 10
C(l)CON =

*
C DKOT = (C (2) C(1))-

C
- - - - - - - - - - - - - - - - ~ ~ - - - - - - - -

C FINO UNCERTAINTY
C
C UCON =(0.2 * (1.0 - FRPU) + 0.7 * FRPU ) * (-1.0 + ABS (2.0 -
C # FO TNTL ) -* 10 . ) ~ - - - - -~~ -- ~ - - ~ - - - - -

'

C
R t: T UR N
END

__

s

4

%.

*
*
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Figure A-1. Fuel thermal conductivity of uranium dioxide with a -

density of 0.95 times the theoretical density.
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where

3
theoretical density of UO2 (kg/m )p =

.

c00 linear thermal expansion strain calculated for UO using=
22 a reference (zero strain) temperature of 300 K (m/m).,

3The room temperature density, 10,980 kg/m , was taken from
Olander(A-2) and is accurate to 120 kg/m ,3

,

Table A-2 is a listing of the FDEN function and Figure A-2 shows the
i

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 UO and (U,Pu) 0 . These temperatures

2 2
are calculated as a function of burnup and plutonia content.,

Equations for these temperaures are from the MATPRO-ll Revision 2
'

PHYPRP subroutine.

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

<

4

4

4
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TABLE A-2. LISTING OF THE FDEN FUNCTION

FLNCTION FLEN L FTEMP,F ACMOT) -

C FLLh RETLRN5 THE LEN51T Y a0F 002 FUEL -

C
OLTPUT FUEL DEN 51TY (KG/M**3)C F0Eh = .

C
INFUT FUEL TEMPERATURE (K)C FTEMP =

IhPb1 Futt FRACTION WHICH IS MOLTEN (UNITLESs)C FAtr0T =

.
E TFE SLBCODE FIHLAP IS CALLED BY THIS FLhCTION

1 C
^

L FLeh WAi CODLO Bf D. L. HAGRMAN 1962.
I C
! EPS = FTHEXP(FTEMP,FACMOT)

1.098F+04 * (1. - 3. * EPS)F0th =

RETLPh
ENO

.

.

o

.

18
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Figure A-2. Theoretical density of uranium dioxide.
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j
i

TABLE A-3. LISTING OF THE FHYPRP SUBROUTINE |
l

SUBROUTINE FHYPRP(BU, COMP,TSOL,ILIQ) |
-

C
C FHYPRP RETURNS UO2, (UsPU)02e MELTING POINTS.
C

USkhMhhRAYUEfK)
~

C T Q = OUTPUT QU
C

INPUT BURNUP (MW-
INPUTPUO2CONIEN{/KG-U)

L BU =

(WTE)COMP{
=

C FHYPRP WAS CODED BY 0. L. HAGRMAN MARCH 1982.

C!
FBU = BU/86.4
IF(COMP .GT. 0.0) THEN

TSUL = 3113.15 + COMP *(-5.41395 + COMP *7.468390E-03)
# -3.2E-03 * FBU

TLIQ 3113.15 +C OM P* (-3.21660 - COMP *1. 44 8 518E-02 )=
# -3.2E-03 * FBU

ELSE
3113.15 - 3.2E-03 * FBUTSOL =

TLIQ = TSOL
ENDIF
RETURN
END

.

9

9

4
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APPENDIX 8

CLADDING MATERIAL PROPERTIES

Extension of the MATPRO Revision 2 cladding materials properties to -

high temperature requires the addition of subcodes for zircaloy enthalpy,
zircaloy oxide specific heat, zircaloy oxide enthalpy, zircaloy density, .

zircaloy oxide thermal expansion, zircaloy oxioe density, zircaloy oxide
elastic noduli, and zircaloy oxide failure stress.

i

| Some changes to existing subcodes are also required. The function for
zircaloy oxide, 20TCON, 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 as the CHYPRP subroutine to provide a consistent treat-
ment of phase change temperatures.

.

These changes and new subcodes are describea below. The material from

earlier MATPRO versions which has not been changed is not included in this -

report.

CLADDING SPECIFIC HEAT CAPACITY AND

ENTHALPY (CENTHL, ZOCP, ZONTHL)

The function CENTHL proviaes zircaloy enthalpy for temperatures above
300 K. ZCCP and ZONTHL return zircaloy oxide specific heat capacity and
enthalpy. 20CP 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 modeled by integrating the expressions used in the
MATPRO-ll Revision 2 cladding specific heat subcode, CCP. Since CCP -

24



.

i

utilizes linear interpolation on the set of points reproduced in Table B-1,
~

the CENTHL routine uses the expression

I (T - T )2
*

H(T) - H (300) = t.Hj+C (T - T ) + 2(T T ) (C -Cp) (B-1)j pp g j

where

i-th temperature in Table A-1 (K)i T =j

specific heat capacity at Tj (J/kgak)C =
p

j change in enthalpy of zircaloy between T ,j and TAH = j $

temperature (K)T =

, . a

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

.

to find the enthalpy at a temperature greater than or equal to T , but lessj

than T ,j. Equation (B-1) can be derived by inspection of Figure B-l. The- j
first term is the enthalpy between T and T , that is the area under thej j
line segments which connect C to C The second term is the area of

Pg P.irectangle 8 and the third term is the area of traingle A. The sume of these

two areas is the enthalpy between T$ and T. Table B-2 lists values of

i

AHj
j=1

;

corresponding to the values of C in Table B-1. The entries for 2098
p

and 2099 K incorporate the heat of fusion for melting zircaloy. The melt-

.

i
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TABLE B-1. ZIRCALOY SPECIFIC HEAT CAPACITIES FOR CCP

Temperature Specific Heat Capacity
(K) (J/kg*K)

,

300 281
400 302
640 331 -

1090 375
1093 502

1113 590
l 1133 615
! 1153 719

1173 816
1193 770

1213 619
1233 469
1248 356
2098 356
2099 356

.

4

,

i

!

! -

|
'

u .

|
|
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Figure B-1. Derivation of Equation (8-1) .
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A

i
' TABLE B-2. VALUES OF )[ AH. FOR ZIRCAL'0YJj=1

i-1 -

}3 aHj

d")J/kg)Temperature, T$
-(10(K)

'

300 0.000
400 2.915

] 640 10.511
1090 26.396
1093 26.52755

1113 27.61955
1133 28.82455
1153 ~30.15855
1173 31.69355
1193 33.27955

1213 34.66855
1233 35.67655
1248 36.29530
2098 66.5553
2099 89.0909

.

.

!

* .

|

.

i
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:

temperature and heat of fusion were taken from the MATPRO-ll, Revision 2
PHYPRP subcode and 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 modeled by the Z0CP function with the
following expressions which were taken from Reference B-1:

For temperatures between 300 and 1478 K (monoclinic Zr0 )'
2

~C = 565 + 6.11 x 10-2 T - 1.14 x 10+7 T-2 (8-2a)p

For temperatures in the range 1478 i T 1 2000 K (tetragonal Zr0 )',.

2

C = 604.5 (B-20)-
.

p

For temperatures between 2000 and 2973 K (tetragonal and cubic Zr0 )'
2,

C = 171.7 + 0.2164 T (B-2c).

p
,
.

For temperatures above 2973 K (liquid Zr0 )''

2

C = 815 J/kg*K (B-2d).

p

.

where

o

specific heat of zircaloy oxide (J/kg*K)C =
p

29
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i

; r' TABLE B-3. UNCERTAINTY OF ZIRCALOY ENTHALPY

Temperature Range Expected Standard Error'of CNTHL
j (K) (fraction of predicted value)

-

300 1 T 1 090 0.031

1090 < T < 2656.67 3 x 10-4 (T-1090) +0.03 .

2656.67 i T 0.5

1

t

;

h
;

*

4 .

'

I..

O

i

4

.

i
* *

*

4

30.

i
?

;

!
. _ _ - . _ _ . _ , . _ _ _ _ . _ - _ , , . . . . . . , _ _ _ . _ _ _ _ . _ _ _ _ . . . ~ . . ._ ,. .- , _ . , . _ , , . - . . . . , - , _ _ - _ - . . . . ,



temperature (K).T =

The several equations correspond to the several phases of Zr0 *
2

.

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 chages ,b, and an estimate of the heat ofa

fusion of Zr0 *
2

i For temperatures between 300 K and 1478 K (monoclinic Zr0 )
2

H (T) - H (300) = 565 T + 3.055 x 10-2 2T

+ 1.14 x 10+7 T-I - 2.102495 x 10 (B-3a)
5

For temperatures in the range 1478 < T < 2000 K8 (tetragonal Zr0 )'
2

5
H (T) - H (300) = 604.5 T - 1.46 x 10 (B-3b)

~
.

For temperatures between 2000 and 2558 K (tetragonal and cubic Zr0 )'*

2

H (T) - H (300) = 171.7 T + 0.1082 T2 + 2.868 x 105 (8-3c).

For temperatures in the range 2558 < T < 2973 K ,

HU (T) - H (300) = 171.7 T + 0.1082 T2 + 3.888 x 105 (B-3d).

a. Monalinic to Tetragonal transition AH = 48,200 J/kg.
.

b. Tetragonal.to Cubic transition AH = 102,000 J/kg.

c. Heat of fusion = 706,000 J/kg..

31
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,

For temperatures >2973 K (liquid Zr0 )
_ 2

U 5H (T) b (300) = 815 T + 1.39 x 10 (B-3e)
.

where
.

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

oxide temperature (K).T =,

!

The principal contribution to the expected standard error of the
enthalpy and specific heat capacity predictions for cladding oxide is not
the uncertainty of the correlations for Zr0 because C measurements are

2 p
typically accurate to several percent. It is the probability that the oxide

film tnat appears on cladding differs significantly from the Zr0 used to
2

produce the correlations. The oxide is substoichometric and has enough
stress from the volume expansion during oxidation to cause significanti

changes of the phase transition temperatures.(B-2) 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, Z0CP, 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 20CP function is shown in Figure B-3. Comparison of the

predicted specific heat capacity with data reported by Gilchrest,(B-3)

{ which are reproduced in Table B-7, suggests an expected standard error of
'

150 J/kg K. Figure B-4 is a plot of the zircaloy oxide enthalpy predicted'

| with the ZONTHL function. Tne numerous steps are heats of transitions for
the several phase changes of zircaloy dioxide.

*
,

l

!

{ '

| a. Heat of fusion = 706,000 J/kg.
|

E

!
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TABLE B-4. LISTING OF THE CENTHL FUNCTION
.

. . . _

FUNCTION CENTHL(CTEMP,RFTEMP)*

C
L CENTHL REIURNS THE CHANGE IN ENTHALPY OF ZIRCALOY DURING
C A CONS T AN T PRE S S8JRE CH ANGE - 1N TcMPERATURE-FROM-RFIEMP 10 C TEMP.
C-

L CENTHL = OUTPUT CHANGE IN CL ADDING FNTH ALPY (J /KG)
C

INPUT CL ADDING - TEMPER ATURE (K ) - - - - - - - - - - - -

C CTFMP =

INPUT REFERENCE TEMPERATURE (K)C RFTEMP =

C
C CENTHL WAS CODED $Y D. L. HAGRMAN MARCH 1982
C

-- - - - - - - - - - - - - - - -

DIMtNSION CPDATA(30),HDATA(15)*

DATA CPDATA/ 281., 300., 302., 400., 331., 640.,
a 375.,1090., 532.,1093., 590.,1113., 615.,1133.,
# 719. ,1 A 5 3. , 810.,1173., f 7 0. ,119 3. , -619.T1-2131, - --- -

# 469.,1233., 356.,1246., 356.,2098., 356.,2099./

C
DATA HUATA/ 0.00000, 2.91500, 10.51100, 26.39o00,

# 26.52755, 27.51955, 28.82455, -30.15855,-31.69355s-
# 33.279b5, 34.66855, 35.67655, 36.29530, 66.55530,
s 89.09090/

C
- - - - - - - - - - - - - - - - -

RFTEMPT =
,

-1N =

C START AT LOW TEMPER ATURES AND LOOK TO SFE WHERE T FITS.

110 K ='

C'
i C CHECK FOR A TEMPERATURE LOWER THAN THE TABLE RANGE
1 IF(T .LE. 300.) THEN

CPDATA(1) * (T - 300.)| H =

f ELSE
-

--

| C CHFCK FOR A TEMPERATUDE WITHIN THE TARLF RANGF
| 20 IF(T .LE. CPD ATA(2*K+2)) THEN

HDATA(K)*1.0E+04 + (T-CPDATA(2*K))*(CPDATA(2*K-1) +'
H =

s (T-CP D AT A ( 2*K ) )*( CPD AT A( 2*K+1)-C PD AT A (2*K-1)) /
# (2. * ( C P D A T A ( 2 *K +2 )-C P D AT A ( 2 * K ) ) ) )

LLSE
K+1K =

IF(K .LE. 14) THEN --- --

GO TO 23
C THE ONLY REMAINING POSSIBILITY IS A TEMPERATURE HIGHER
C THAN THE TABLE RANGE

ELSE
HDATA(15)*1.0E+04 + (T-CPDATA(3D))*CPDATA(29),

| H =
1 ENDIF
| FNDIF

-

ENDIF'

Ci

C
IF(N .LI. 0) THEN

h = N + 2
[

t _ _ _ _ _ _ _ HR =4
i = CTEMP --

GO TO 10
dLSE-

CENTHL H- HR=

ENDIF
1 kETURN

END.
- ._ _
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TABLE B-5. LISTING OF THE 20CP FUNCTION

FUNC TION ZOC P( ZOTEMP )
'

*

C
C 20CP RETURNS THE SPECIFIC HEAT CAPACITY AT CONSTANT
C PkESSUNE FGR ZIRCALOY CLADOING OXIDE -- ---

C -

'

C ZOCP = OUTPUT ZIRC ALOf CL ADDING OXIDE SPFCIFIC HEAT
C (J/(KG*K))

. . . . .

C ZOTEMP INPUT CLADDING OXIDE TEMPERATURE (K)=

C
C 20CP WAS CODED BY 0. L. HAGRMAN MARCH 1082

'

C
IF(ZOTtMP .LE. 300.) THEN

ZLCP = 456.6633
, tiL S E
: IF(ZUTEMP .LT. 1478.) THEN

ZOCP = 656. + 6.11E-02*ZOTEMP -1.14E+07/(ZOTEMP**2)ELSE
IF(ZOTEMP .Lc. 2000.) THEN -

20CP = 604.5
ELSE .

.LT. 2973.) THENIF(ZOTEMP
Z OC P = 171 7 + 0.2164 * ZOTEMP --

ELSE
20CP = 815.

ENDIF
ENDIF

ENDIF
-

.

ENDIF -

RETURN
END -

.

1

e

W
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TABLE B-6. LISTING 0F THE ZONTHL FUNCTION

~~ ' '

FUNCTION ZONTHL(ZOTEMP,RFTEMP).

C ZONTHL RETURNS THE CHANGE IN ENTHALPY OF ZIRC ALOY OXIDE
C DURING A C ONS T A NT PR E SSURE--CH ANGE-IN -TEPPEit A TUR E- - --

c FROM RFTEMP TO ZOTEMP.*

C
C ZON THL OUTPUT CHANGF IN OXIDE ENTHALPY (J/KG)=

C - -- - - ------- - - - - - - - - - - - -

L 20 TEMP INPUT CLADDING OXIDE TEMPERATUDE (K)=
L RFTEMP IhPUT REFERENCE TEMPERATURF (K)=

b ZENTHL WAS CODED BY 0. L , H AGR M AN M ARCH-1982 --- - - --- - - -
C

T= RFTEMP
C - --^ - - - --~ - - - - - - -

10 IF(T .Lc. 300.) THEN
H= 456.6633 * (T- 300.)

ELSE
IF ( I .LI. 1478.) THEN

H T*(565.+3.355E-02*T)+(1 14E+07/T)-2.102495E+05=

ELSE
IF(T .LE. 200J.) THEN

H= T*604.5 - 1.46E+05 -- - - -

ELSE
IF(T .LT. 2558.) THEN

T*(171.7 + 0.1082*T) + 2.968E+05H =
ELSE

IF(T .LT. 2973.) THEN
H= T*(171.7 + 0.1082*T) + 3.888E+05~

T * 915 . - + 1. 3 9E +05 -- - - - - - - - - -- - - - -=

ENDIF
ENDIFr

| ENDIF.
'

ENDIF - - - - -

i ENDIF
---- -

'

C
C

_ _ _ _ _ _ _ , _ _ _ . _

N = N +2
HR H=

T= 20 TEMP
GO TU 10 -

ELS6
- - ---

ZONTHL = H - HR
ENDIF
RETL'?N - - - - - -

END

|
. _ _ _ _ _ _ . . . _ _ . _ _ _ _ _ _ _

-. _ . . - -

,
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GILCHRIST{LADDINGOXIDESPECIFICHEATCAPACITYDATAFROM
ZIRCALOYe TABLE B-7.

!
,

Temperature Specific Heat Capacity
(K) (J/kg K) Comment -

324 462 Measured by Gilchrist
~

~

348 481 Measured by Gilchrist

377 486 Measured by Gilchrist

; 422 402 Measured by Gilchrist

s 462 510 Measured by Gilchrist

! 500 523 Measured by Gilchrist

.598 543 Measured by Gilchrist
,

698 566 Measured by Gilchrist

801 569 Measured oy Gilchrist

899 592 Measured by Gilchrist

945 598 Measured by Gilchrist .

! 975 601 Measured by Gilchrist
*

1004 603 Measured by Gilchrist

772 563 Measured by Smithells
'

373 437 Measured by Washburn

774 525 Measured by Washburn

1272 631 Measured by Washburn

!
l 325 442 Reported by Gilchrist
! as data from "Ther-.

mophysical Properties
of Solid Material"

399 486 Reported by Gilchrist'

*as data from "Ther-
I mophysical Properties
| of Solid Material"
|

*

!
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T

I
TABLE 8-7. (continued)

Temperature Specific Heat Capacity
(K) (J/kg K) Comment

s

494 510 Reported by Gilchrist
as data from "Ther-
mophysical Properties-

of Solid Material"

598 535 Reported by'Gilchrist
as data from "Ther-

j mophysical Properties
of Solid Material"

692 555 Reported by Gilchrist
as data from "Ther-
mophysical Properties
of Solid Material"

s

'

790 576 Reported by Gilchrist
as data from "Ther-
mophysical Properties
of Solid Material"

1198 606 Reported by Gilchrist
as data from "Ther--

mophysical Properties
of Solid Material"

.

1398 612 Reported by Gilchrist
as data from "Ther-
mophysical Properties
of Solid Material"

|
i

(

! !

.

|
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Figure B-2. Zircaloy enthalpy as a function of temperature.
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CLADDING THERMAL CONDUCTIVITY (CTHCON, Z0TCON)

CTHCON and Z0TCON return zircaloy and zircaloy oxide conductivity,
respectively~. The only input information required is the temperature of+

the material.

.

Extension of the MATfR0-Il Revision 2 correlations for zircaloy thermal
conductivity to high temperatures required only consideration of the effect
of melting on thermal conductivity. No data for liquid zircaloy thermal

i conductivity have been found but Nazare, Ondracek, and SchulzIO-4) have

reported that the ratios of solid state conductivities to liquid state con-
ductivities at the melting temperatures for metals like zircaloy with eight
nearest neighbor atoms is 1.6 0.2.a Since the solid state conduc-
tivity predicted by the CTHCON function is 58 W/m K, the liquid state con-
ductivity should be about 36 5 W/m K. The modified CTHCON function

therefore uses

K = 36 5 (B-4)
,

where
.

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

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

1. The third aegree polynomial used to calculate conductivity pre-
* dicted a non-physical decrease in conductivity for temperatures

above 1900 K.

The body centered cubic lattice of beta phase zircaloy has eight nearestd.
,

neighbors.'

.

.-
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2. The points shown in Figure E-2.2 of the MATPRO docu:r.ent and used
as data were not data. 'They were smoothed-curve predictions

deduced from data of Adams.(0-6)
Y

.

3. The smootheo-curve predictions corrected the data to a theoretical
density of 6100 Kg/m , a value which is inconsistent with the ,

3
j MATPRO-ll Revision 2 density of 5820 kg/m for oxide films.

The material used by Adams was " stabilized Zr0e."(B-6) a
*

i 4.
4

t Zr0 base material to which Ca0, Y 0 , or Mg0 has been added
2 23

to cause the material to have a cubic structure.(B-7) Since
unstabilized Zr0 has a monoclinic structure below 1478 K and a

2
tetragonal structure from 1478 to 2000 K, the crinductivity of the
stabilized Zr0 may be significantly different from that of the

2
unstabilized zircaloy oxide.

5. An accurate value of oxide thermal conductivity is probably
"

important to accurate calculations of the peak cladding tempera- '

ture during the rapid heating of cladding oue 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-8) Lapshov and Bashkatov,(B-9)

and Gilchrist.(B-3)

Data of Maki from two sa oles oxidized in steam are reproduced in

Table B-9. The data cover a small temperature range and show a sharp
increase in conductivity between 400 and 500 K. The principal recommenda-

' ' tion for the data is that they were taken with black oxide from Zircaloy
tubes. Two data attributed to Waldman by Maki are also shown in the table.

.

.
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j s.g ,

I TABLE B-8. STABILIZED.ZIRCALOY' DIOXIDE-THERMALCONDbCTIVITYDATAFROM-- ..
. .

B- ADAMS -S #~'
-

4

, , I
'

|\:

Temperature Thermal, Conductivity T.C.Norrected'to5820kg/m3 ,

.

(K) (W/m*K)
'

*- ' (W/m*K)

370 l'd$ 1.88
~~

* ' '

460 1.69 l.88'

547 M, 1.70 - 1.89
i 641 1.78

^

1.91
* l.98

'

698 1,73

-! 743 1.74 -1.93
I 817 1.74 1.93 -

882
' '

1.74 1.93 -

l.76 1.95945
'

'
'

; 993 1.79 1.98
1 .

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 l.92 ._ 2.13
'

1329- 1.93 i- -2.14
.

-

2.151338 1.94 ~

1354 1.96 2.17--
''

1390 s,1.96 2.18s, ,

1405 [ 'I 99 2.20
'

, .
''

1.98 2.19,1427 -
'

1440 2.02
-

2.24
1448 ? 2.08 ' N 2.31

2.01- 2.231480 '-

1485 2.03 2.25
1505 2.01 2.23
1554 2.01. 2.23
1566 2.02 2.24
1583 9.01 2.23,

!

I
.

.

i 4%

#v -w.

h

b
.

N a

_%

4

%
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ZIRCALOY OXIDE THERMAL CONDUCTIVITY DATA REPORTED BY MAKI -8TABLE B-9. B

-

Average of Inside and
Outside Temperature Thermal Conductivity4

(K_) (W/m*K) Comment *

'

401 O.70 Sample 4'

.

'

434 4.78 Sample 4

1
~ 488 6.35 Sample 4
!
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

6.27 Sample 5589 '

373 0.90 Data from Waldman -

373 1.35 Data from Waldman
.

+

.

1

.

',5
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The data of Lapshov and Bashkatov are presented in Table B-10. These

data are from films formed by plasma sputtering of zirconium dioxide on

tungsten substrates. Since sputtered coatings are quite porous and may not
be very adherent to the substrate, these data may not be representative of<

zircaloy cladding oxide conductivity.
.

Table B-ll presents the data of Gilchrest. Two types of oxide films
were employed, one nodular oxide anti the other a black oxide characteristic
of the kinds of layers usually reported in high temperature tests with

{
cladding. The black oxide thermal conductivities are much lower than the
nodular oxide thermal conductivities and both kinds of oxide have conduc-
tivities which are significantly lower than the stabilized zircaloy dioxide
conductivities reported by Adams. Considerable uncertainty is reported by
Gilchrist because of difficulty in measuring oxide film thickness.

Figure B-5 is a plot of the data in Tables B-8 to B-ll. Tne plot shows

that with the exception of the anomalously high data of Maki the principal
uncertainty in thermal conductivity is caused by sample-to-sample varia-
tions. Measurement inaccuracies with any one sample are much smaller than*

sample-to-sample variations. It is also clear from an inspection of

Figure B-S 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

K + ' ' (
Zr0,

2

.
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TABLE B-10. ZIRCALOY DIOXIDE THERMAL CONDUCTIVITY CATA 0F LAPSH0V AND
BASHKATOV -9B

Temperature Thermal Conductivity
'

(K) (W/m*K)

571 0.509
618- 0.636 -

'642 0.508
654 0.627
664 0.715

684 0.474
721 0.652
739 0.448-'

| 755 0.441
771 0.558

: 802 0.430
817 0.512
827 0.605

; 855 0.456
882 0.522

I 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 0.623
1354 0.577,

1366 0.661' ' '

1380 0.663e
,

1491 0.708
!
i

.

%
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. TABLE B-10. (continued)

Temperature Thermal Conductivity.

, (K) (W/m.K)
'

d

1527 0.656i

: 1558 0.717 |

j 1626 0.801-

' 1638 0.776
'

1685 0.7883

1735 0.854
.

I.

i

n

4

4

a

i
i
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i
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; e
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|
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TABLE 8-11. ZlRCALOY OXIDE DATA 0F GILCHRIST -3B

. Temperature Thermal ~ Conductivity
(K) (W/m.K) Comment

1

297 1.354 Black oxide
668- 0.955 Black oxide
712 0.958 Black oxide -

806 1.048 Black oxide
854 1.060 Black oxide

916 1.090 Black oxide
. 983 1.163 Black oxide
i 1043 1.242 Black oxide

1193 1.443 Black oxide
1260 1.407 Black oxide

1327 1.393 Black oxide
'

1386 1.487 Black oxide
1450 1.586 Black oxide
299 0.324 Nodular oxide
659 0.137 Nodular oxide

733 0.160 Nodular oxide
806 0.192 Nodular oxide

'

867 0.219 Nodular oxide
944 0.271 Nodular oxide .

1018 0.410 Nodular oxide
,

1141 0.606 Nodular oxide ,

1222 0.825 Nodular oxide
,

1246 0.864 Nodular oxide.
1326 0.743 Nodular oxide
1425 0.700 Nodular oxide

;

2

.

.

4
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Figure B-5. Zircaloy oxide thermal conductivity data and correlations.
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J

where

<

= z caloy dioxide thermal conductivity (W/m*K).K
Zr02

.

Since the black oxide data of Gilchrest are the most representative of
the oxide found on cladding Equation (B-4) is modified for zircaloy oxide .

by dividing the right hand side by two. The resultant expression is

-4
j K = 0.835 + 1.81 x 10 T (B-5)g

'
where

zircaloy cladding oxide thermal conductivity (W/m*K).K =
g

Values of K and K calculated with Equations (B-4) are shown withZr0 g
2

the data in Figure B-5. Inspection of the figure suggests an expected
standard error of 0.75 of the measured value for K . For material that .g
is known to be Zr0 , the expected standard error is much less, approxi-) 2
mately 10% of the value of K

Zr0 '2
*

'For liquid zircaloy oxide (temperature >2973 K) the conductivity is
' assumed to be approximately the value of K at the melting temperature ofg
Zr0

2

K = 1.4 W/m*K (B-6).g

!

,

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

.

T

TaDies B-12 and B-13 are listings of the CTHCON and ZOTCON functions.
.

; Figures B-6 and B-7 are plots of the conductivities predicted by the func-
tions as a function of temperature.

50
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TABLE B-12. LISTING OF THE CTHCON FUNCTION

.

SUBRUU flNE C THCON(CTEMPsCCON,CDKDT)
C
C CTHCON RETUPNS ZIRCALOY THERMAL CONDUCTIVITY
c .. . - - . - . - - - . - . . . . . . . - - -.

OUTPUT THE RM AL CONDUC TIVITY OF ZIRC ALOY (W/ (M*K) )C CCON =

L CDKDT = UUTPUT DERIVATIVE OFTHERNAL CONDUCTIVITY
C WITH RESPECT TO TEMPERATURE (W/(M*K*K))
g _ . . . _ . - _ _ . . _ . . _ _ _ _ _ . _ . _ _ . . _ _

INPUT CLADDING TEMPERATURE (K )C CTEMP =

C
| 0 CTHCON WAS CODE D BY R. L. MILLER DECFMRFR 1975

C L AS T MODIFIED BY D. L. H AGRM AN -M ARCH 1982 - - - - - - - ----

C
LF(CTLMP .LT. 2098.) THEN

# CT *7. I - - --- -- -- - ---

*

CDKDT = 2.C 68E-02 + C TE M P * ( -2. 9E-0 5 + CTEMP*2.3E-06)
ELSE

CCON 36.=

CDKDT = 0.0 - - -

ENDIF
RETURN
EhD

b

e

.

O
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TABLE B-13. LISTING OF THE 20TCON FUNCTION

'
- .. . . . . . - -- - - - -. - ---

FUNCTION 20TCON(ZOTEMP)
C
C 20TCON RETURNS ZIRCALOY OXIDE THERMAL CONDUCTIVITY
C - - - - - - - - -

*

C ZOCP = OUTPUT THERMAL CONDUC TIVITY OF
C ZIhC ALOY OXIDE (W/(M*K))

INPUT C L ADDING- OXIDE TEMPE* ATUPE--(M l -- - - -ZGTEMP =

C,

C ZOTCON WAS CODED BY R. L. MILLER IN MARCH 1974,'

C LAST MODIFIED BY D. L. HAGRMAN MAkCN 1982
L

IF(ZOTEMP .LT. 2973.) THEN
ZOTCON = 0.835 + ZOTdMP * 1 81E-04

ELSg0TCON = 1.4 - - - - - ---- -- -

ENDIF
PETURN
LND

- . .

*
4

i

4

e

e

4
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CLADDING THERMAL EXPANSION AND DENSITY

(CTHEXP,CDEN,Z0TEXP,Z0 DEN)

4

The subroutine CTHEXP calculates the three principal strains for zir--

caloy. CDEN returns zircaloy density. ZOTEXP and Z0 DEN compute zirca?oy

oxide thermal strains and density, respectively. The required input.for.

CTHEXP is texture information (neeaed 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

I oxide temperature. CDEN and Z0 DEN require only temperature.

To extend the MATPRO-ll Revision 2 CTHEXP subroutine to high tempera-

tures, consideration of the volume change associated with melting is
required. Since no data have been found, a typical 27 volume increase at
melt is assumed. The expressions used for the thermal strain in liquid
zirconium (temperatures >2098 K) are thus

e, = h c )) + f c33 + 0.0067 (B-6)
'

,

where,

thermal expansion strain in liquid zircaloy (m/m)c =

cj) circumferential thermal expansion strain of a single=

crystal of zirculoy at 2098 K (m/m)

c33 axial thermal expansion strain of a single crystal of=

zircaloy at 2098 K (m/m).

Equations (B-4.3) and (B-4.4) of the MATPRO-ll Revision 2 handbook are

used to calculate c )) and c33*.

.
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The CDEN function determines zirconiuni density from room temperature
data and the thermal expansion strains calculated with the CTHEXP sub-
routine. By definition

.

4

o=y (B-7)

where *

I density (kg/m )3
o =

|

mass of a sample of material (kg)m =

-

3volume of the given mass of material (m ),V =

.

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

V=V exp c exp c exp c (B-8) -
g x y 7

chere *

3
volume of the mass m when strains are zero (m )V =

g

true strains for any orthoginal coordinatec =x, cy, c z
system (m/m).

Substituion of Equation (B-8) into Equation (B-7) shows-

5 i o"o exp (-c x) exp (-c ) exp (-c ) (B-9)g

where
.

3the density at any reference temperature (kg/m ),=o
;g

Since thermal strains are always much less than one,

56
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(B-10)p as Po (1 - e - "y # "z) .
x

The three orthoginal' strains are provided by CTHEXP and the reference
3 3density used is the value of 6.55 10 kg/m at 300 K reported by.-

Scott (B-10) This value is consistent with the high temperature value of.

36490 kg/m often used in the MATPR0 document. The predicted zircaloy.

thermal strains are estimated in MAPTR0-ll Revision 2 to have an expected
standara error near 0.1 of their predicted valves for temperatures below
1090 K and 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 (monoclinic Zr0 )*
2

-3= 7.8 x 10-6 T - 2.34 x 10 (B-lla)c ,g

and for temperatures in the range 1478 f, T < 2973 (tetragonal and cubic-

Zr0 )2

.

= 1.302 x 10-5 T - 3.338 x 10-2 (B-11b)c o

where

. linear thermal strain of zircaloy oxide (m/m).c =
g

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. This assumption corresponds to the assumption that the 5%

porosity of the oxide is removed when it melts. The resultant. expression is
.

= -1.1 x 10" (8-12)c g
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for temperatures greater than or equal to 2973 K.

Equations (B-lla) to (B-12) are also used in Z00EN to calculate the
density of zircaloy oxide. The relation employed is -

xo (1 - 3e ) (B-13)p =o .
gx

,

where;

i
3zirconium oxide density at the given temperature (kg/m )=o

3zirconium oxide density at 300 K (kg/m ),=p

The value of o used is the density of black oxide reported byxg
Gilchrist,(B-3) 5800 kg/m ,3

a

The expected standard error of Equations (B-lla) and (B-llb) is large,
-3the greater of half the predicted value or 5 10 , because the equa-

.

tions are baseo 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, Z0TEXP and ZODEN
subcodes. Figure B-8 is a plot of the circumferential axial and radial
thermal strains predicted by the CTHEXP subroutine for zircaloy for cladding

| with typical texture (C0STH2 = 0.71013 and COSF12 = 0.69177) and a reference

|
temperature of 300 K. Figure B-9 shows the zircaloy density predicted by

| CDEN. The zircaloy dioxide thermal strains predicted by Z0TEXP are shown
in Figure B-10 and the density of the oxide predicted by Z0 DEN is illustra-

| ted in Figure B-ll. Zr0 thermal expansion data by Fulkerson -HB
and

2
from pages 17 and 70 of Brassfield et al.,8-12 are listed in Tables B-18

.

| and 8-19 and included in Figure B-12 so'that they may be compared with code
|

| predictions.
! -

!
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TABLE B-14. LISTING OF THE CTHEXP SUBROUTINE

SUBROU TINE CTHE XP(COS TH2s COSFI2s CTEMPs RFTEMP,STRN 11, STRN 22,STRN33 )-

b CTHEXP CALCULATES THE THERMAL EXPANSION STRAIN FOR A PIECE OF
C ZIRCALOY CLADDING AS A FUNCTION OF TEMPERATURE AND OF CLADDING_.

C TEXTURE..

C
C STRN11 = OU TPUT THERM AL EXP ANSION STR AIN IN THE CIRCUNFERENTI AL

_ C DIRECTION (M/M)
C STAN22 = OUTPUT THERMAL EXP ANSION STR AIN IN THE AXI AL
C DIRECTION (M/M)
C STRN33 OUTPUT THERMAL EXPANSION STRAIN IN THE THICKNESS=

_{ DIREC TION (M/N)6._

C CTEMP INPUT CLADDING TEMPERATURE IX)=

| C COSFI2 = IhPUT VOLUME FRACTION WEIGHTED AVERAGE OF THE SQUAREDC 41NE OF PHI (UNITLESS) -
- -

C COSTH2 * INPUT VOLUME FRACTION WEIGHTED AVERAGE OF THE SQUAREDC COSINE OF THET A ( UNI TL ES S)
C

-- C _ _ VALUES FJR COS FI2 AND COSTH2 MAY SE 08TAINED -THROUGH USE OF THEC SUBROUTINE CTXTUR
C
C THESE C ALCULATIONS ARE BASED ON DATA AND TECHNIQUES IN THEC FOLLOWING SOURCES
C
C (1) L.R. BUNNELL ET AL, HIGH TEMPERATURE PROPERTIES OF ZIRC ALOV-
C UXYGEN ALLOYS, EPRI NP-524 (MARCH 1977).
C (2) D.L. DOUGLASS,

ENERGY REVIEW,1,"44THE PHYSICAL METALLURGY OF ZIRCONIUN=, ATONIC
. _

C
(DECEMBER 1963)YATE PHYSICS,C (3) C. KITTEL, INTRODUCTION TO SOLID S 3RD EDITION,'

C NEW YORK, JOHN WILEY AND SONS INC., 1966.,

C (4) G.B. SAIMMER, H.L. JOHNSTON, "THERNAL EXPANSION OF ZIRCONIUM'

'
C dETWEEN 298 AND 1600K8, JOURN AL OF CHEMIC AL PHYSICS,21 (1953)
C

i C CTHEXP WAS CODED BY G. A. REYMANN JANUARY 1980.
-

C LAST MODIFIED BY D. L. HAGRMAN MARCH 1982.
C
C CALCULATE SINGLE CRYSTAL STRAINS
C STx511 = SINGLE CRYSTAL STRAIN PERPENDICULAR TO THE C-AXIS !'
C S TRE33 = SINGLE CRYSTAL S TRAIN. ALONG THE C-AXIS
C ,'

= RFTEMP

i 5 IF(T .GE. 2093..) GO TO 40
i IF(T .GT. 1244.0) GO TO 20

IF(T . GT . 1063.0) GO TO 10
C,

| STRS11 = 4.95E-06*T - 1.485E-03
STRS33 1.26E-05*T - 3.780E-03=

GO TU 30
!

1

C
110 STRS11 (2.77763 + 1. 0 9 822 * C OS ( ( T- 108 3. 0 ) * 3.1415 93 /161. 01 )=

sTRS11 = STRS11*1.0E-03

.

9
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TABLE B-14. (continued)

i

STRS 3 3 = (6 76758 + 1. 09822 *C OS ( ( T-108 3. 0 ) * 3.14159 3 /161. 0) ) |'
~

STRS33 = STRS33*1.0E-03 :
GO TO 30 '

_.C
-

'

20 S TRS 11 = 9. 7E-06* T - 1. 04E-02
STRS33 = 9.7E-06*T - 4.40E-03

C
_ .C. CALCULATE CLADDING STRAINS USING SINGLE CRYSTAL STR AINS

C
30 STRN11 = (COSFI2 +COSTH2*(1 0-COSFI2))*STRS11

s + (1.0-COSTH2)*(1.0-COSFI2)*STRS33

(1 0-C0gF g y ySjggj{0Sg{|fjSTRS11
"~

~~ , STRN22 = 4
C

STRN33 = (1.0-C OS TH2 )*S TRS 11 + COSTH2*S TRS 33

GO TO 50
40 STRS11 9.9506E-03=

p __ STRS33 1.59506E-02 . .-
=

STRN11 = 0.67 * S TRS 11 + 0.33 * S TRS 33 + 0.0067
STRN22 = STRN11
STRN33 * S TEN 11

C
50 IF(N .LT. 0) THEN

N =N +2
STRNIR = STRN11

.. STRM2R = STRN22
STRN3R = STRN33
T = CTEMP -

GO TO 5
ELSE - iSTRN11 = STR N11 - STRNIR j

STRN22 = STRN22 - STRN2R , .

STRh33 = STRN33 - STRN3R
ENDIF

'
4

USTRN2 = UNCERTAINTY IN THE TU8E AXIAL THERMAL STRAIN
USTRN1 = UNCERTAINTY IN THE TU8E CIRCUMFERENTIAL THERMAL STRAIN
USTRN1 0.12 *S TR N11=

C.___ USTRN2 = 0.08*STRN22 i

C
RETURN
END

*
l

.

a

.
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TABLE B-15. LISTING OF THE CDEN FUNCTION

. - ... - .- - - - . - - .. . - -.

FUNCTION CDEN(CTEMP)
C
C CDEN RETURNS THE DENSITY OF ZIRCALOY CLADDING

_ c .- . . - - - . - - . . _ - - - . - . - - . . .

OUTPUT ZIRCALOY DENSITY (KG/M**3)C CDEN =

C
INPUT CLADOING TEMPERATURE (K)C CTEMP =

C- -- - - - - - - - - - - - - - - - - - - -

C THE SUBROLTINE CTHE XP IS C ALLED BY THIS FUNCTION
C
C CDtN WAS CODED BY D. L. HAG 2 MAN MARCH 1982

i c . -- . . - - -- . . . - . .----

C AL L C THE X P(0. 33,0. 5, C T E MP,300. ,S TRN11, STRN22, STRN 33 )
STRN11 - STRN22 - STRN33)6. 55E +03 * (1.CDEN = -

_ h0RN _, __. ., , _ _ _ , _ _ _ _ , _ _ , _

.

.

I

I

|
'

!

.
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TABLE 8-16. LISTING 0F THE 20TEXP FUNCTION

.- - - ..- ..

FUNCTION ZbT E XP ( ZOT E MR, RFTE MP ) +

C
C ZOTEXP RETURNS THE THERMAL EXPAN5 ION STRAIN OF
C ZlRCALOY OXIDE
C

.

OLTPUT ZIRCALOY OXIDE THERMAL EXPANSION (M/M)C 70TEXP =

C
INPUT CLADDING OXIDE TEMPERATURF ( K )--- - - - - - --

C ZUTEMP =

INPUT REFERENCc T E MPE R ATURE (K)C R FT EMP =

C
C ZO1EXP WAS CODED BY D. L. H AGRMAN MARCH 1982>

c
_ ._. ._. ___.__.

,

T = RFTEMP
-1N =

C
lu- IF ( T .LT. 147o.) THEN - - - - - - ~ - - - - - - ---

T* 7.8:-06 - 2.34E-03EPS =

ELSt
IF(T .LT. 2973.) THEN

--

cos = 1 * 1.302E-05 - 3.336E-n2- --- ---- --

ELSE
EPS = -1.1E-02

EN01F
- -ENDIF - - - - - - - - - - - - - - --

C
IF(N .LT. 01 THEN

N +2N =
- - EPSR = EPS - - - - - - - - - -

T = ZOTEMP
GO TO 10 -

ELSE
--- - - - - - - - - - - - - - --ZOTEXP = CPS - EPSR -

ENDIF
RETURN -

END
. .-

!

.

!

i

f

62

_ _ _ _ - _ _ _ _ .



TABLE B-17. LISTING OF THE 20 DEN FUNCTION

FUNCTIUh 200FN( ZOTEMP I.

C
C ZODEN RETURNS THE DENSITY OF ZIRCALOY OrIOE
C
C ZODEN OUTPUT ZIRC ALOY OXIDE DENSITY (KG/M**3)=

.

C
C ZOTEMP INPUT OXIDE TE MPER ATURE (K)=

C
C THE FUNCTION ZOTEXP IS CALLED BY THIS FUNCTION
C
C 200bh WAS CODED 8Y 0. L. HAGRMAN MARCH 1982.

j C --

ZOTEXP(IOTEMPe300.): EPS =

| 20 DEN 5.8E+03 * (1. - 3. * EPS)=

RETURN
END

|

P

9

' e

f

I

,

.

!
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-

-TABLE B-18. ZIRCALOY DIOXIDE THERMAL EXPANSION DATA'BY FtJLKERSON
llB

Thermal Strain .

Temperature
(K) (10-3 ,j,)

.

289 0
473 - 1.34
571 2.05

,

*

673 2.82
773 3;64 ' '

- 818 4.02-
* 922 4.78

1019 5.61
6.631119

~

7.511222

1308 8.06'
1330 8.25
1349 8.33
1369 8.38
1390 8.34
1430 - 7.63

'

1450 6.10
1466 3.27

,

1487 1.16
1508. 0.17

0.381529 -

1550 -0.82~

1571 1.05-

|

-

1
,

.

!

i

f

C
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.

4

1 ,

i.
~ '

.

' '
-TABLE B-19.

ZIRCALOY.DIOXIDEfHRMALEXPANSIONDATAFROMBRASSFIELD ET AL. - 2i' ;
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* '; -3
i (K) (10 m/m)
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;

I 300 0
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1
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1 CLADDING ELASTIC MODULI

'

(CELM00, CSHEAR, CELAST,. 20EM00, ZOP0IR).,
_

-

The only thange, required to extend the'MATPRO-ll Revision 2 zircaloy.

elastic moduli subco, des to high temperature is a logic branch that sets the
moduli.to zero (actually 1.0 x 10-10 is used to avoid dividing by zeros) ^

.

above the melting temperature, 2098 K.

'

i Young's modulus for zircaloy oxide is returned by the ZOEM00 function.
.i

Oxide temperature and oxide oxygen;to-metal ratio are the only required
'

r-
inputs. The function uses the,following correlation to calculate the
modulus for temperature between'300 and 1478 K (monoclinic phase):

N - -
,

7 IIY = -3.77 x 10 T + 1 637 x 10 (B-14a).g

For temperatures in the range 1478 <_ <T50L (tetragonal and cubic
phase)

; m
.

= -8.024 x 10 T + 2.255 x 10' (B-14b)
7;

Y .g
-...

For temperatures greater than T
SOL

s

l (B-14c)Y =
i g

_e t. .,

.q - , . s
,

where i';
< 1

,

! ' Y zircaloy oxide. Young's modulus.i(Pa)=
g ,

, ,
.

,

, , _
,

oxide temperature (K) i
: T =

|
'

.

j. , N-
zircaloy oxide solidus tem'perature (K). Obtained from_the| T = s

SOL
| ZOPRP subroutine. .

*

1,.

. s

a %

N

Y

-s
,
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Tne equat' tons are least squares fits-to data from page 89 of

Reference B-12. Table B-20 reproduces the cata and Figure B-13 shows the

data and values of Y calculated with the Z0EM00 function. The function
9 *1 Pa for temperatures above'2810 K wnere Equation (B-14b) would .sets Y =

g

predict a negative modulus. Since so few data are available, a large
expected standard error of 0.2 times the predicted value is recommended. .

ZOPOIR' returns a constant value, 0.3, for the Poisson's ratio of solid
aircaloy oxide and 0.5 for the ratio of liquid oxide. No data for these
ratios have been found. Tne number 0.3 is 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, t0.2

Tables B-21 to B-25 are listings of the CELM00, CSHEAR, CELAST, 20EM00

and Z0POIR subcodes. Figures B-14 to B-18 are plots of the quantities pre-
1dicteo by these subcodes. For CELAST the following typical texture coef-
ficients were input:

0.71013
*

COSTH2 =

0.55578COSTH4 =

0.69177COSFI2 =

0.58836COSFI4 = .

0.47126CTSCF2 =

0.39473CT2CF2 =

CT4CF2 0.35503=

0.29320CT4CF4 =

CLADDING MECHANICAL LIMITS AND EMBRITTLEMENT

(ZORUP),

No modifications are reouired for the MATPRO-il Revision 2 zircaloy
:i scladding mechanical limits and embrittlement subcodes. The function ZORUP

,' returns zircaloy oxide failure stress as a function of temperature.

| The correlations used to calculate the oxide failure stress are listed -

,

:- belbw:
' .

.

'
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TABLE 8-20. ZIRCALOYDIOXIDEg0gglllSOFELASTICITYDATAFROM
BRASSFIELD ET AL.

Elastic ModulusTemperature
0.

(K) (10 Pa) Comment

1323 11.38 Monoclinic phase
,

1453 10.89 Monoclinic phase

1498 10.48 Tetragonal phase

1563 10.10 Tetragonal phase

1633 9.41 Tetragonal phase

.

O

e

*
t

.

1
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TABLE B-21. LISTING OF THE CELMOD FUNCTION

F bNC TI ON CELMOD (CTEMP, FNCK, CWKF, DELOXY)o

CeLMOD CALCULATES CLA0 DING YOUNG 8 5 MODULUS AS A FUNCTION
C UF TLMPEkATURe, FAST NEUIRON FLUENCE, COLD WORKS AND AVERAGE
C OXYGEa CONCENTR ATION. GRAIN ORIE NT ATION IS ASSUMcD RANDOM..

C THF EXPLCTED STANDARD FRROR IS COPPUTED BUT NOT RETURNED
C (LCdLMD).
C
C CtLNUu = OUTPJT YOUNG'S MODULUS FOR TIRCALOY 2 AND 4
C w ITH RANDOM TFXTuRE (PA)
C UCFLMD = OUTPUT STANDARD ERROR EXPECTFD IN CELMOD (PA)
C (NOT CURRENTLf RETURNED)
C
C CTENP INPUT CLADDING TEMPERATURE (K)=

C tNCK = INPUT EFFEC TIVE F AST FLUENCE (NEUTRONS /(M**23)
C ChKF INPUT EFFEC TIVE COLD WORK (UNITLESS RATIO OF AREAS)=

C DtLOXY INPUT AVERAGE OXfGEN CONCENTRATION E XCL UDING=

C OXIDE LAYER - AVERAGE OXYGEN CONCFNTRATION OF
C AS-PECEIVED CLADDING (KG OXYGFN/KG ZIRC ALUY)
C
C THF YOUNu' S MODULUS C ALCOL A TED BY THIS FUNCTION I$ BASED ON
C DATA FROM THE FOLLO4ING REFERENCES
C (1) L. k. RUNNELL, G. B. MELLINGER AND J. L. BATES, HIGH
C TEMPERATURE PROPEDTIE3 0F ZIRC ALOY - OXYGEN ALLOYS, EPRI
C REPORT t4 P - 524 (1977).
C (2) t. S. FISHE R AND C. J. RENKEN, PHYSIC AL OF VIE W 135 2A
C (24 JULY 1964) PP A462 - 494.
C (3) P. E. ARMSTRONG AND H. L. BROWN, TRANSACTIONS OF THE
C METALLURGICAL SOCIFTY OF AIME 230 (AUGUST 1964)
C PP 9t2 - 966*

C (4) A. PAGEL AND A. GROFF, JOURNAL OF NUCLEAR MATERIALS 59
C (1976) PP 325-326
L (S) 6. P. SMALLEf. 5AXTON CORE II FUEL PERFORMANCE EVALUAlIUN.
L PART Is NATtRIALS, WCAP-3383-56 (SFPTEMBER 1971)
C=

C THE LXPECTED STANDARD ERROR WAS DERIVED USING ADDITIONAL
C UATA En0N THE FOLLOWING REFERENCES
C (1) C. C. BUSdY AND C.R. WOODS (EDS.) "PRODFRTIES OF ZIRCALOY-4
C TUBING", USAC REPORT WAPD-TM-585 (DECEM9FR 1966) P 65
C (2) /. SPASIC. M. PAVLOVIC AND 6. SIMIS, CONFERENCE ON
L THE USE OF ZIRCONIU.1 ALLOYS IN NUCLF AR DEACTORS, MARIANSKE
C LAHZE. CZhCH. CDiF-6diJc6 (1968) PP 277 - 284
C (3) R. L. MEHAN, MODULUS OF ELA5TICTTY OF ZIRCALOY-2 BETWtEN
C k006 IEMPEDATURE AND 1000 Fs KAPL-M-OLM-16 (JULY 195o)
C (4) D. U. .10 P TH W OOD , I. M LONDON, AN D 1. . E. 9AHENs JOURNAL
C UF hUCLEAR MATERIALS 55 (1975) PP 299-310
C (5) F. P. SHOBER, J. A. VAN EC H O, L. L. MARSH JR. AND
C J. R. KEELER, THE MECHANICAL PROPFPTIES OF ZIRCONIUM AND
C ZIRCALOY-de RMI-1166 (1957)
C
C CELMOD WAS CODED dY R. L. MILLER IN MARCH 1974.
C LAST MODIFIED dY D. L. HAGRMAN MARCH 1982
C

.

.
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TABLE B-21. (continued)

*

C
IF(CitMP .LT. 209o.) THEN

L
C1 (1.16E+11 + CTEMD*1.037E+08) * 5.7015=

C2 = 1.0 -

IF(INCK .bi. 1.06+22) C2 = 0.88+(1.0 - FXP(-ENCK/1.0t+25))
e + EXP(-FNCK/1 0E+25)
C 3 = -2 66 +10
CELPOD = (1.009E+11 5. 4 75 E+ 0 7+C TE M P + Cl*DELOXY + C3*CWKF)/C2-

IF(CTLMP .LT. 1090. ) Go TO 101
C
C CALCULATE A TO A + B AND A +S 10 8 BOUND ARIES

WFOX = DELOXY + 3.001?
1094 + WFor * (-1.289E+03 + WFOX * 7.914E+05)TAAB =

IF ( WFOX .LT. 0.022) GO TO 15
TAAB 1556.4 + 3. 82 81 E + 04 + ( WFOX - 0.025)=

392.46 * ( ( 10 0 * 0 E L O Y. Y + 0.1242807)**2 + 3.1417)15 TABB =

IF (06LOKY .LT. 4. / 3 0 R 93 7t-03 ) GO TO 25
~

(100 * OFL0rY + 0.12) * 491.157 + 1081.7413TABB =

25 CONTINUF
C

IF (CTcMP .LT. TAA6) GO TO 101
IF (CTtMP .GT. TA83) GO TO 35

(1 00S E+11 - 5. 4 75E+07* T A AR + Cl*0E L OX Y + C3*CWKF 1/C 2AMOOL =

9.21E+10 - TA88 + 4.0DE+C7AMLDR =

CELMOD AN00L + (CTEMP - TAAB ) * (AM00R AMOOL )/(tad 6 - TAAB)= -

GO TO 101
35 CFLMOD 9.21E+10 - CTEMP * 4.00E+07=

101 CCNTINUE
C i .

eLSL '

CEldOO = 1.0E-10
ENDIF

o.4E+39UCFLMD =
*

C
R E T UR t.
END

$

e

4
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TABLE U-22. LISTING OF THE CSHEAR FUNCTION

FUNCTION CSHEAR (CTEMP, FNCK, CWKF, DFLOXY).

C
C CSHEAR CALCULATES TH6 SHEAR MODULUS OF ZIOC ALOY-2 AND -4
C A5 A FUNLTION OF TEM P6H A TUR Es F AS T NEUTRON FLUEhCE,
C COLD WORK, AND AVERAGE OXYGEN CONCENTRATION. GRAIN*

C ORIENTATION IS ASSUMED RANDOM.
C THc EXPLCTED STANDARD ERROR IS COMPUTED RUT NOT RETURNED
C (UCSHER)
C
C CSHEAR CUTPui SHEAR MODULUS FOR ZIRCALOY-2 AND -4=

L WITH RAND 99 TE X TUR E (PA)
C UC5HER = OUTPUT STANDARD 6dROR EXPECTED IN CSHEAR (PA)

'

L (NOT CUPRENTLY RETURNED)
C
C CTEMP INPUT CLADDING TEMPERATURE (K)=

C FhCK INPUT EFFECTIVE FAST F LU ENC E (N FUTR ON S / (M ** 2 ) )=

C CWKF INPUT EFFEC T IVE C3LD WORK (UNITLESS RATIO OF AREAS)=

L DFLCXY INPUT AVcR AGE UXYGEN CONCENTRATION EXCLUDING=

C OXIDs LAfsR - AVERAGE OXYGEN CnNCENTRATION GF
C A S-R cC F I VE 0 CLADDING (KG OXYGEN /KG ZIRCALOY)
C
C THE SHEAR MODULUS C ALCUL ATED 8 Y THIS FUNCTION IS BASED ON
C DATA FROM THE FOLLOWING REFERENCES
C
C (1) L. R. BUNNELL, G. R. MELLINGER AND J. L. BATES, HIGH
C TcMPLMATUR- PROPERTIES OF ZIRCALOY - OXYGEN ALLOYS, EPRI
C PE POR T NP 524 (1977)-

C (E) c. S. FISHER AND C. J. RENKEN, DHYSIC AL R EVIEw 135 2 A
C (20 JULY 1964) PP A482 - 494
L (3) P. E. AkMSTRONG AND H. L. BROWN, TR ANSAC TIONS OF THE
C ME T ALLURGIC AL SOCIETY OF AIME 230 (AUGUST 1964)-

C PP 962 - 966
C (4) A. PADEL AND A. GROFF, JOURNAL OF NUCLEAR MATERIALS 59
C (1976) PP 325 - 326.
C (5) W. R. SMALLEY, S AXTON CORE II FilEL PERcupMANCE EVALUATION..

C PART Is MATERIALS. WCAP-33db-56 (SEPTEMRER 1971)
L CSHEAR WAS CODED BY R. L. MILLER, JUNF 1974
L MODIFIED BY D. L. HAGRMAN DtCEMBER 1977
C

C1 7.07t+11 - CTEMP * 2.315E+C8=

C2 10=

IF(FNCK .GT. 1.0E+22) C2 0. 8 e* ( 1.0 - E X P (-F NC K /1.0t + 25 ) ) :=
8 + EXP(-FNCW/1.OE+25) !C3 .867E+10 t

=

C5 HEAR ( 4.U 4 E +13-2.16o E+0 7*C T EM P + Cl*DELOXY + C3*CWKF)/C2 i
=

IF(LTEMP .LT. 1090. I GU TO 101 '

C
i

C CALCULATE A TJ A + B AND A + B TO B ROUNDARIES
wFOX DtLOXY + 0.0012=

TAAB 1094. + WFOX * (-1 289E+03 + WFOX * 7. 914 E + 05 )=

IF ( dFOX .LT. 0.043) GO 10 15
TAA8 1556.4 + 3.6281F+04*(WFOX - 0.025)=

.

P
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*

iTABLE B-22. (continued) '

15 T A B e = 392.46 4 ((100*DELOXY + C.124?807)**2 + 3.1417) *

IF (DELOXY .LT. 4. 73089 3 7E-03 ) GO TO 25
T AB B = (100*DELO(Y + 0.12) * 491.137 + 1081.7413

25 CGN11NUE
'

IF (CTtMP .L T . TSA9) 60 TO 101
IF (CTEMP .GT. TABB) GO TO 33
AMOOL (4.04E+10-2.16dE+0?*TAAB + Cl*DELOXY + C3*ChKF)/C2=

ANGDn 3.49E+1) TABB * 1.66E+C7= -

CSHFAR AMOOL + (CTEMP - TAAB ) * (AMODR - AMODL 1/(TAdB - TA AB )=

: GO TO 101
j 3b C5HLAR 3.49E+1) - CTEMP*1.66E+07=

101 CONTINUC
IF(C5HLAR .L T . 1.0 ) CSHEAR 1.0=

UCSHcR = 9.0E+39
C

RETURt4
END

1

.

9

e

,

4

:
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TABLE B-23. LISTING OF THE CELAST SUBROUTINE

*

SLbkobTIhE CELAST (C OS T H2s CO ST H4, COS F 12, C CS F I 4,C T 2C F 2, C T2CF 4,
e CT4CF2sCT4CF4sCTEMPsFbCKsChKFs0ELOXYsCRS)
DIPLhSIOb CC(IZ),C5(12),CRS(9)

C
*

C CE L AST C ALLbl AT ES ELASTIC COMPLI ANCE CChST ANTS OF ZIRC ALOYC FRCP CRIEFTATION PARAMETERS.
IN THL FCLL0hlhG 1HETA IS THE AN6LE BElbEEN ThE RADIAL

: C LF h0ENAL DIRECT,ON OF THE SAMPLE AND THE EASAL PGLEI
C DIRECTIGb. PHI IS THE ANGLE BEThEEN THE FRCJEC TION OF THEi
C BASAL POLE DIRECTION ONTO THE PL AhE CONTAlblhG THE AXIAL
C At<D CIkCLbEEEENTIAL DIRECTICNS AhD THE CIRCONFERENTIALC LIFECTICb. ALPHA 15 THE COMPLEMENT OF PHI.
h CRS(I) = CLT PLT EL AST IC CCMPLIANCE CubSTANTS (1/PA). S NATRIA
C ELEMENTS AP.E
C

{ ( CRS(I) CR$(7) CRS(9) O C 0 )

C ( CRS(7) CRS(2) CRS(8) C 0 0 )C,

g ( CRS(9) CRS(8) CRS(3) C C 0 )

C ( 0 0 0 CRS(4) C 0 )

b ( 0 0 0 0 CRS(5) 0 )C
C ( 0 0 0 C C CRS(6) )C-

b hFERE DIRECTICN I IS CIRCUNFEREbTIA OR TRANSVERSEC 2 IS AXIAL CR LLNGI UDINAL
C 3 IS RADIAL CR FCPPAL,

b CCSTH2 IbPL1 \0LLME FRACTION htIGHTED AVERAGE OF THE SQUARED=

LLSINE OF IHETA (UNITLLSS)
c CLS1H4 IhPUT VOLUME FR ACTION WFIGHTED AVEPAGE OF THE=

L FCURTH P0hER OF 1HE COSIhE CF TEETA
(LHITLESS) SQUAREDC CCSFI2 = IbPUT kOLLME FRACTION WEIGHTED AVERAGE OF THG

C CLSINE CF ALPHA (LhITLESS RATIO)
C COSFI4 IbFUT VOLUPE FRALTIOh WEIGHTED AVEPAGE OF THE=

C FCUklH POWER OF THE COSIhE OF ALPHA (Lh1TLESS)
C C12CF2 INPUT VCLUME FRACTION hEIGHTEC AVEFAGE OF THE PRODUCT=

C CF TbE SCUARED COSINE OF THETA AND TPE SQUARED COSINEC CF ALFHA (UblTL ESS )
kChREDCUfkhb f

"

NC OUR P000k0FC C HE
C 1FE CDSINE OF ALPHA (Uh1TLES5),

! C CT4CF2 = 1hf0T VOLUME EkACTION WEI6bTEC AVERAGE OF THE PROOLCT! C EF THE FCLkTH PGhER OF THE COSIFE OF TbETA AND TbEI C (CU ARE D CUSINt OF ALPHA (OhlTLESS)'

C C14CF4 = lbPUT VOLUME FRACTION WEIGHTEC AVEPAGE OF THE PR000CT

.

.
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TABLE B-23. (continued)

C CF Tht FCUkTH P0hER OF THE CGSIhE OF THETA add THE *

C FCURTb FChFR OF 1HE COSlhC OF ALPHA (Lh1TLESS)
C CTEPP IhPUT CLACDING TEMPERATukE (k)=

IhPUT EFFEC 1IVE FAST FLUENCE (NELTECNS/(M**2))C IhCb =

C ChKF IhPLT tFFtCTIVE CCLD WORK (LNITLESS RATIO OF AREAS) '=

C DELCXY lhPUT AVERAGE OXYbEN C0hCENTkAT10h EXCLUDlhG=

C CXIDE LAYER - AVERAGE OXYbEN C0bCEhTRAT10N OF
C AS RECLIVED CLAUDIhG (KG OXYGEh/kG ZIRCALOY)
C

[ C TFE L L AS11C C0hPLI ANCE CONST AN15 ARE BASED Oh CATA FROM
b KEN EP kFkChER IE Ch hCALb - EXhEEk bfbY$f NPRI
C ELPDFT NP - 524 (1977)
C (2) E. 5. FISHER AND C. J. RENKth, PHYSICAL REVIEh 135 2A
C ( 2C J L LY,1964 ) PP A4t2 - 494.
C (3) P. E. ARMSTFONG AND H. L. BkOhN, TFAhSACTIEh5 0F THE
C METALLLRGILAL S OC IE T Y CF Alkt 230 (ALGLST 1964)
C PF 9t2 - 966
C (4) A. PACEL AND A. 6ROFF, JOURNAL OF NLCLEAR NATtkIALS 59
C (1976) PP 325 - 326

b IAR *IfMkhPIA 3b8f56 ISEhkhhhhhIhhlh *

A

b CELAST hAS COLLD BY D. L. HAGRMAN IN CECEMBER 1977
0 LAST MLDIFIEL BY D. L. HAGRMAN MARCH 1982
C

IF(CTEPF . LT . 2C9e.) THEh
C

CC(1) 1.tb2E+11- 4.464E+07*CTEMP=

1.74 6E +11- 3. 26 2 E +07*C T E MPCC(2) = -

CC(3) 3.565t+10- 1.281E+C7*CTEPP=

c.448E+10+ CT EM P* ( 3. * d 82 E +0 7- (T EM F*1 2316E+ 0 4 )CC(t) =

CC(c) 6.51bf+10- 6.617E+0!*CTEMP=

It( CC(1) .LT. (C.999'CC(5).) CC(5) 0.999*CC(l)=
.

(CC(1) - CC(5))/ 2.00(4) =

FACT 0k= (CC(1) - CC(53)*((CC(1) + CC(5))*CC(2) 2*((CC(6)**213)-

CS(1) 0.1020416-10 + C TEhP * (-0.541682E-14 + CTEMP *=

CCIlfkCfI))*(CC(1) CC(5))/FACTCECS(2) = -

CS(3) C.390354E-10+CTEMP * (-C.61186E-14+ CTEMP *=

s 0.211f23f-16)
CS(4) 1.0/CC(4)=

CS(5) ((CC (6 3 ) * *i-(CC ( bl*CC (2 )))/F ACTC6=

CC(1))*CC(6)/FACTukCS(6) * (CC(5) -

(1.ltE+11+ CTEMP*1.037E+G8) * 5.]O15B =

(1.24L+11- CT MP*0.406E+C8) * 5.sC1595 =

C1 1.C=

IF(FhCK .GT. 1.CE+22) C2 = C.86*(1.C E X P (- F N CK /1.0 E +2 5 ) )-

s + EXP(-FhCK/1.CE+25)
C3 = -2.tt+1C

C2/(1.v/CS(1) + b * DELCXY 4 C3 * ChKF )CSil) =

C2/(1.0/CS(2) + B * DELOXY + C3* ChkF 1CS(2) =

05(3) = C2/(1.0/CS(3) + BS * DELOXY )

.

O
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TABLE B-23. (continued)

CS(b) C2/(1.0/CL(b) + B * DELOAY + C3 * CWKF )* =

LS(6) C2/(1.0/CS(6) + B * LELCAY + L3 * CbkF )=

IF( CS(1) .L 1. (G.999*CS(S))) CS(b) C.999*CS(1)=

CS(4) 2* (CS (1) CS(5))= -

(CLSF14-2*C12CF4+CT4CF4+2*CT2CF2-2*CT4CF2+COSTH4)*CS(1)CFS(1) =-

* + ( 1. 0 -2 *C OS F 12 + COSFI4 -2*COSTH2 +4*CT2CF2-2*CT2CF4
s + COSTh4 - 2*CT4CF2 + C14CF4) * CS(2) + (-CCSF14 + 2*CT2CF4
4 - 014CF4 + CUSFI2 - 3*C T 20F 2 +2*CT4CF2 + CCSib2 - COSTH4 )
e * ( 2* C S (6 ) + CS(3) 1

CRS (2 ) = (CCSF14-2*CT2CF4+CT4CF4-2*CCSFI2+2*CT2CF2+1.0)*CS(1) '

s + (L LS f 14 - 2*CT2CF4 + CT4CF4 )*Cd(2) + (CCSFI2 - 00SF14
8 + 2*CT2CF4 - CT2CF2 - Cl4CF4) * (2*CS(6) + CS(31)
CR$(3) ( 1.C - 2* CGST H2 + COSTh4) * CS(1)=

# + (C0iT H2 + CLSTH4) * (4*CS(6) + CS(3)) + CCSTH4 * CS(2)
CK5(4) ( 2* (l.C - COSTH2 - CLSFI'l + 6 * CT2CF2=

a -4 * C T4CF2 ) *CS(I) + 4 * ( CT2CF2 - bl4CF2 ) * CS(2)
# + ( CCSTF2 + COSf12 -5 * CT2CF2 + 4 * CT4CF2 ) * CS(3)

k*!2flNCF2 kCh2 b b5 6h# +
CFS(5) (CCS1H2 - COSTH4 + 0. b *C OSF 12 - 1.5 *C T2C F2 + C T 4C F 2 ) *=

* CS(1) + (C 051h2 - COSTH4 - CT2CF2 + CT4CF2 ) * CS(2) +
e (1 0 - 4*CC ST H2 + 4*C051 F4 - COSFI2 + 54CT2CF2 - 4*CT4CF2)+0 25*
* ($(3) - 0.5 * ( C CS F 12 - C T 2CF 2) *C S (5 ) - 2*(CCSib2 - COSTh4 -CT2LF2
s 4CT4LF2 ) *C S ( 6 )
CFS(5) 4.0 * CES(b)=

CE S (c ) = ( 0. b *C OSTH 2 + COSF12 - COSFI4 - 2*CT2CF2 + 2*CT2CF4 +
s C14CF2 - CT4tF4) * CS(1) + ( C0S F12 - C CSF I4 - 2*CT2CF2 + 2*C T 2C F 4 +
w CT4CF 2 - CT4CF 4) * C S(2 ) + (1 0 - 4*CCSF12 + 4*COSF14 - COSTH2 +
4 E*CT2CF2 - 6*CT2CF4 - 4*CT4CF2 + 4*CT4CF4 ) * 0.25*CS(3) -

4 C.S*COSTHE * CS(5) -2.0 * (COSF12 - CCSF14 - 2*CT2CF2 +.

Ch5Y6h 4.b ChSi6I
' '

LF$(7) (COSFIP - COSFI4 - 2*CT2CF2 + 2 40120F4 + C T4CF2=

k1kkFI-LkkCh4) h5f) -b53)) bh 2 bh hh* * *+

# + ( l.C - COSTh2 - 2*COSF12 + 2*LOSF14 4 4*CT2CF2 - 4*CT2CF4
2*CT4CF2 + 2*C14LF4) * CS(6)4 -

CFS(8) (CT2LF2 - CT4CF2) * ( CS(1) + CS (2 ) CS(3) ) += -

4 (1.0 - CCSTH2 - 00SFI2+ C12CF2) * CS(5) + ( CCSTH2 + CCSF12
e - 3*CT2CF2 + 2*CT4CF2 ) * CS(6)

(CCSTH2 - COSTF4LES(9) CT2CF2 + CT4CF2) * ( CS(1) +* -

# C S (2 ) (S(3) ) + (COSFI 2 - CT2L F2) * CS(5) + (1.0 - 2*CCSTH2-

s + 2 * C CS 1 F4 - COSF12 + 3*CT2CF2 - 2*CT4CF2) * CS(6)
i IF (CT EM P . LT . 1090. ) 60 TO 101

C
C CALCULATE A TC A + b AND A + B TG 8 BOLhCAPJES

DELCKY + C.0012 ~

kFCX =

1C94. + hFGX * (-1.289E+03 + kFOX * 7.914E+05)lAAB =

IF ( WFCX .L 1. L.025) GO TO 15
TAAE 1556.4 + 3. e281e + 04 * ( WF 0x - C. 02 5 >=

15 TAbb 3 9 2.4 6* ( ( 100* D EL O X Y + 0.1242807)**2 + 3.1417)=

IF (DELCXY .LT. 3.730b937E-03) GO TO 25
(100*0LLbXY + 0.12) * 491 157 + 1.C 81. 7 413TAEE =

.

|
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TABLE B-23. (continued)

'

25 CCb1IbCE
C

l!IElisi:ll:TiBil 221818'
CCl?) 1.tt2E+11- 4.484E+07*TAAB *=

1.746t+11- 3.262E+C7*TAABCC(t) =

3.t e t E +10- 1.2 61 E 407* T A ABCC(9) =

CC(11)= 6.44bE+10+ TAAB *(3 1602E+C7- TAAB *1.2316E+04)
CC (12 )= 0.516t+10- 6.817E+0t*TAAB

C.999*CC(7)(CC(12)**2)))
IF( CC(7) .L T . (0.999*CC(111)) CC(11)- =

ExCTOR= (CC(7) -CC(11))*((CC(7) +CC ( 11) ) *C C ( 6 ) -2*(
CS(7) C.102t41E-10 + TAAB * (-C.t41662E-14 + TAAB *=

4 C.147bb2E-16 )
CS(t) (CC(7) +CC(111)*(CC(7) -CC(111)/FXCT0k=

0.3903b4E-10+TAAb * (-Cob 118tt-14+ TAAB *C5(9) =

a C.211523E-16)
C5(11)=((CC(12))**2-(CC(11)*CC(E)))/FXCTCR
CS(32)=(LC(11) -CC(71)*CC(12)/FXCiOk
bi = ( 1.16 E + 11 + T A A 8 * 1. C 3 7 E + 0 8 ) * 1.7C15
FST =(1 24E+11- TAAB *C.406E+00) * 5 7C15

C2/(1.0/CS(7) + BT * DELOXY + C3 * Chrf )05(7) =

CS(8) = C2/(1.0/C5(8) + BT * DELOXY + C3 * ChKf )

h!fif) khfkkhfhb1l)* OkbO! C3 * ChKF )B

CS(12)= CE/(1.0/C5(12)+ BT * DELOXY + C3* ChkF )
IF( CS(7) .L T . (0 999*C5(11))) CS(11) C.995*CS(7)=

EISl ' 2:'it61tl -Ellllll4+CT4Ce4+2*Ci2CF2-2*C14Ce2+COSTH4)*CS(T)
-

a+ (1.0 -2*COSFI2 + COSFI4 -2*C0STH2 +4*CT2CF2-2*CT2CF4
e + CCSTb4 - 2*C14CF2 + CT4CF4) * CS(E) + (-CCSF14 + 2*CT2CF4 -

# - CT4CF4 + COSF12 - 3*CT2CF2 +2*CT4CF2 + CCSTb2 - COSTH4 )
s* ( 2* CS(12)+ CS(9) )

(CCSFI4-2*CT2CF4+CT4CF4-2*CCSF12+2*CT2CF2+1.0)*CS(7)CLSI =

# + (CCSF14 - 2*CT2CF4 + CT4CF4 )*C5(E) + (CCSF12 - COSF14
a + 2*CT 2CF4 - CT2CF2 - C T4CF4) * (2*C5(12)+ CS(9))

* C$(7)Tb4 * CS(B)
(1.0 - 2*COSTh2 + CUSTF4)CL53 =

N +(CuSTH2 - CCSTH4)* (2*C5(12)+ CS(91) + CC5
( 2 * (1.0 - CLSTH2 - COSF12) +6 * CT2CF2CLS4 =

4 -4 * CT4CF2 ) *CS(7) + 4 * ( CT2CF2 - CT4CF2 ) * CS(B)
* + ( COSTH2 + CLSFI2 - 5 * CT2CF2 + 4 * CT4CF ) * CS(9)
4 + 2 * (-1.0 + COSlH2 + COSF12 - C12CF2 ) *C (11)
# + b * l-CT2CF2 + CT4CF2 ) * CS(12)

(CC'TH2 - COSTH4 + 0.5*CCSF12 - 1.5*CT2CF2 + CT4CF2) *CLs$ =

* CS(7) + (CUSTH2 - C OSTH4 CT2CF2 + CT4CF2 ) * CS(8) +-

COSFI2 + 5*CT2CF2 - 4*CT4CF2)*0.25*e (1 0 - 4*CDSTh2 + 4*COSTb4 -

a C5(9) - 0.5*(COSF12 - CT2CF2)*CS(11)- 2*(CESTH2 - COSTH4 -CT2CF2
t +CT4CF2 )*CS(12)

, CLSb = CLS5 * 4.0
(C.5*COSTH2 + C05F12 - COSF14 - 2*CT2CF2 + 2*CT2CF4 +C L S t, =

# LT4CF2 - CT4CF4) * C S(7) + (C OSF12 - C GSFI4 - 2*C T 2CF2 +2*CT2C F4+
a Cl4CF2 - (T 4CF 4) * CS(6) + (1 0 - 4*CCSFI2 + 4*COSFI4 - COSTH2 +
# C*CT2CF2 - U*CT2CF4 - 4*CT4CF2 + 4*CT4CF4 ) * C.25*CS(9) -

# 0.b*COSTH2 * CS(11)-2.0 * (COSF12 - CCSF14 - 2*CT2CF2 +

.

4
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TABLE B-23. (continued)
,

__

CT4CF4 ) * CS(12) :s2 * C12Cf 4 + C14CF2' -
'

CL5e = CLSt * 4.v
(CL'FI2 - C05F14 - 2*CT2CF2 + 2*CT2CF4 + CT4CF2 |LL5 7 =

a - CT4CF4) * C5(7) + (CUSFI2 - COSF14 -2*CT2CF2 + 2*CT2CF4 |
CS(9) ) + CCSTF2 * CS(11)a + LT40F2 - C14CF4) * ( C5(6) -*

# + ( 1 0 - CU5Th2 - 2*COSFI2 + 2*COSF14 + 4*C12CF2 - 4*CT2CF4
# - 2*CT4CF2 + 2*CT4CF4) * CS(12)(CT2CF2 - CT4CF2) * ( CS(7) + CS(0) - CS(9) ) +LL5e =

a (1.0 - C051H2 - C05F 12+ C12CF2) * CS(11)+ ( C05Th2 + COSF12
3*CT20F2 + 2*CT4CF2 ) * CS(12)2 -

CT2CF2 + C14CF2).* ( CS(7) +COSTb4(COST H2
C CSF12 - CT2CF2)CLS9 -=

) + ( * C5(11)+ (1.C - 2*CCSTH2# C5(8) - C5(9)
+2*C05TF4 - CGSF12 + 3*CT2CF2 - 2*CT4CF2) * CS(12)

9.2iE+1C - TABB * 4 05E+C7CTil =

CT ' 1Cl*2 =

CT51CT53 =
3 4sl+10 - TAe8 * 1 66t+07CT54 =

0155 = C154
CTS 4CT5t =

(2* CTS 4*CT51)/(2*CT54 - CTS 1)CTS 7 =

CT 5 6 = CT57
CTS 9 = CTS 71.C/((1.0/LL51) + (CTitP - TAA6) * (CTS 1 - (1,0/CLSI))/CES(1) =

4 (1ABB - TAAB))
1.0 / ( (1.C /C L 52 ) + (CTEMP - TAA6) * (CTS 2 - (1.0/CL521)/CRS(2) =

8 (1ABb - TAAB))1.C/((1.C/CL53) + (CTEMP - (AAB) * (CT53 - (1 0/CL53))/CF5(3) =

s (TABB - TAAB))
1.0/((1 0/CLS4) + (CTEMP - TAAB) * (C154 - (1 0/CLS4))/CRS(4) =

TAAB))4 (1ABB -

1.0 / ( ( 1. C /C L 5 b ) + (CTEMP - TAAB) 4 (CTS 5 - (1 0/CL55))/
-

CR$ (b ) =

TAAB))s (TABB -

1 0/((1 0/CL56) + (CTEMP - TAAB) * (CTS 6 - (1 0/CL561)/CRS(6) =

4 (tab 8 - TAAB))
1.0/((1.C/CL57) + (CTEMP - T A AB) * (CT57 - (1.0/CL571)/.

CF5(7) =

# (IABB - TAAB))
1.0/((1.0/CLSb) + (CTEMP - TAAB) * (CTSb - (1.0/CL581)/CPS (E) =

TAAB))# (TABB -

1.0 / ( ( 1.0 / C L 5 9 ) + (CTEMP - TAAE) * (CTi9 - (1 0/CLS9))/(kI(9) =

s (TABB - TAAB))
GL TO 101

C 1.0/(9.21E+13 - CTEMP*4.05E+07)! 35 CFL(1) =

CFS(1)| CF5(2) =

Ch5(1)CFS(3) =

1.L/(3.49E+10 - CTEMP*1.66E+07)CF5(4) =

bhhNf=hk!(4!
"

0.5*CRS(4)CFS( )CF:(7) -=

CRS (7)CFS(6) =

CR5(7)CFS(9) =

101 CENT 1htE
LLSE

DO 50 I=1,9
1.CE+10to CkS(1) =

,

t ENDIF-

1 C
htTLEN
Eht

.
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TAllLE B-24. . LI5flNG Of THE 2CEM00 fuNC110N

t

*F ''* C r r 19 znrwont ,are ao, rp 3
,

i, 7 p eq n s e ri,m , for vnts*ir,s Pa0'JuttJ5 0F ?ICCALOY OYTDF
C
c ?q;wn Ot:T 'li v 7'octLnf 1YIOr YOUNGS MODULUS (PA)

-

k /q1E*2
_ . I unt*T at.sq0TNG fix I D E TEMPFRATUPE (K)

& vg . t N or*v w vgr9-rq METAL 04TTO (ATOMS OYYGEN/
C a Tre *- v at )'
C
C THr (U p ol'i'AF 77 m it C4Lic0 BY.THIS rtlNCTION-

k J H * 1 ') its c'Cc0 Av ') . L. HAG 4*AN * ARCH 1982r

7:(71rcdc . '~ c . I '. 7 8 . ) THEN~

7.jf500 1.417c+11 - 7]TFMo * 3.77E+07=

ELSE
[t(70 TEM 3 17 ?a10.) THFN

tocaGo ?.9555+11 10TFMP * 8. 02 4 E +07. -

E'.SF
?2rv09 1.e=

rNarc
C A l. L 70 P"P( YF. ! A9 71 * 2 0l ice lDT C,7 0MT )
I c ( g r.T E XD .Gr. pine ) THEN

t r. E * C7 * !.3
NoTF

F W1C
t c r ua si
ENn

.
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TABLE B-25. LISTING OF THE 20POIR FUNCTION

FUNCIION 2 0 POI 4 ( !tl TE 10. Y E )-

C
C ZOP0Ik x6IURN5 T 4E >0ISSINS RA TIO OF ZIRCALOY OVT1E
C
C Z0POIR JU1PUI ZIRCALOY CLAD 0ING OXIDE POISSINS SATTO (M/M)=.

C
C ZOTEMP I .4 P U I CLAD 3fNG 3XIDE TEMPERATURE (4)=

C YE I:1PUT OXYGEN-TO-METAL RAT'O (ATOMS OXYGE1/=

C ATllMS METAL) -
*

C
j C THE SUSROUTINE ZOPRP IS CALLED BY THIS FUNCTION

C,

C ZOPOIR 4A5 C00iD BY D. L. HAGRMAN MARCH 1982
C

C A LL 2 0PR P( YE,103 0L, Z OL IQ, ZOTC , Z OM T )
IF(ldTEMP .LE. 23SUL) THEN

-ZdPOIR 0.3=

ELSE
20PJI4 0.3=

ENDIF
RETURN
END

.

9
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F igure B-14. Zircaloy Young's modulus for randcm texture.
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.

For temperature in the range 300 1 T 1 200 K (monoclinic phase of1

Zr0 )'2

6~

(B-15a)SB = 96.28 x 10 .

~

For temperature between 1200 and 1478 K (monoclinic phase of Zr0 )'
2

8S = -5.06 x 10 T + 1.57 x 10 (B-15b).g

.

For temperature in the range 1478 i T < 1869.4 K (tetragonal and
cubic phases of Zr0 )'

2

5 8
Sg = -2.075 x 10 T + 3.889 x 10 (B-15c).

For temperature in the range 1869.4 1T1TSOL'

6'

S = 10 (B-nd).g

.

For temperature > T
SOL

S=0 (B-15e)B
.

where

circumferential or axial stress on the oxide at failure (Pa)S =
B

.

oxide temperature (K)T =

zircaloy oxide solidus temperature (K) (Obtained from the
'

T =
SOL

ZOPRP subroutine).
.
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Ihese correlations are tits to the three Zr0 tensile strength data
2

reported in Table 2 on Page 89 of Reference 12. The data are shown in
Table B-26 and are compared with tiac correlation 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 U0 failure. In the temperature range of ,

2
the dato 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
,

|standarderrorforthecorrelation,10.7timesthepredictedvalue.
1

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,Z0PRP)

The subroutine CHYPRP calculates zircaloy phase transition temperatures
of interest in light water reactor analysis. The equations used are from

~

the MATPRO-ll Revision 2 PHYPRP, PSOL, and PLIQ subcodes. The only required

input is the oxygen concentration in the zircaloy. Output temperatures are -

the solidus (appearance of the first liquid phase), liquious (melting of the
last solia phase), alpha to alpha + beta phase boundary, and alpha + beta
to beta phase boundary.

ZOPRP returns transition temperatures between the monoclinic, tetra-
gcral. 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 Zr02 (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 0-3.II of the K'.TPRO-ll Revision 2 -

hanubook.
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BRASSFIELD ET AL.{EggILE STRENGTH DATA FROM
ZIRCALOY DIOXIDETABLE B-26.

Tensile StrengthTemperature
0

*

(K) (10 Pa)

1303 91.2
.

1473 82.6

1813 12.7

.

9

*

|

.

! .

i
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TABLE B-27. LISTING OF THE 20RUP FUNCTION

FUNCIION Z3RUP(Z0 TEMP,YE) *

C
C 20RUP dE TURNS IIRC ALOY OXIDE F AILURE S TRESS
C
C 20 ROP OUIPUT OXIDE FAILURE STRESS (PA) *=

C
C ZOTEMP INPUT CLA30ING OXIDE TEMPERATURE (4)=

C YE INPUT OXYGEN-TO METAL RATIO (ATOMS OXYGE1/=

C ATOMS METAL)
C'

*
C THE SU3430IINE 20PRP IS CALLED BY THIS FUNCTION'

!CC ZUROP WAS COD 50 dY 0. L. HAGRMAN MARCH 1982
C

IF(/0 TEMP .LT. 1476.) THEN
ZdRUP 1.57t+08 20 TEMP * 5.06E+04= -

ELSE
IF(ZJTEMP .LT. 1969.4) THEi

ZURUP 3.HJ9d+08 - 20 TEMP * 2.075E+05=

ELSE
CALL Z03RP(YE ZUSGL.ZOLIO,20TCeZOMT)
IF(20 TEM 7 .LE. ZOSOL) THE4

20RUP 1.0E+06=

ELSE
ZJRUP 0.0=

ENOLF
ENDIF

ENDIF
RETURN ,
END -

.

I

.

4
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Tables B-28 and B-29 are listings of the CHYPRP and 20PRP subroutines.
~

Figures B-21 and B-22 show the predicted solidus and liquidus temperatures
as a function of oxygen concentration or oxygen-to-metal ratio. Tne alpha
to alpha plus beta and 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

f column gives the excess oxygen fraction parameter, DELOXY. The second

| i column shows corresponding values for the total weight fraction of oxygen,
assuming an as-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 equation

WFOXX= (B-16)

WFOX+0b122(1-WFOX)

1 -

where

.

atomic fraction of oxygen in zircaloy oxide (atoms of 0/ atomsX =

of coropound)

weight fraction of oxygen in zircaloy oxide (kg of 0/kg ofWFOX =

compound).

The fourth column gives the corresponding values of the oxygen-to-metali

ratio, YE. This ratio is related to the atomic fraction of oxygen by;

YE = j f 7- . (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 represents
zircaloy dioxiae.,

i

j
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TABLE B-28. LISTING OF THE CHYPRP SUBROUTINE

SULROUT1Nc LHYPkP(OELCXY,CSOL,CLIC,CTRANB,CTRANE) -

C
C ChYPRF R E TUF N! ZIRCALC) PHALs TFAhSITICN TEMPERATURES
C

OUTPUT ZIRCALCY SCL10LS TehPERATURE (K)C CSLL =
.

duTPUT ZINC Atcy Liou1 DOS TEPPERATURE (K)C CLiu =

C CIAANc * OulPvT 51GH lENFERAidRL BCUhDARY CF THE
C ALtHA-8tTA PHASE REGICh (Kl. 8 TO A + B BOUND AR Y
C CGLAL CsGL MEAhi NU BCUhDARY AT GIVEN DELOXY
C CTkANe = duTFuT LCh itPPERATURL BGLNCARY OF THE
C A LP HA-BE T A PHASE REGICN (K). A + B 10 A BOUND AR Y
C LCLAL CSCL NEAh5 b0 BLUhDARY AT GIVEh DELOxY
C

IhPLT CxYGEN CUkCENTRATICH - CXYGEN CONCENTRATICNC DLLdxY =

Of A5 kECEIVLC CLADCIhG (KG CAYGE h/KG ZIRCALOY){
C CHYvRP 4Ai CCDE D BY C. L. HAGRPAh NARCH 1982
C
C
C LGhVtRT =EiGHT F8ACTILb OXYGEN TO ATOMIC FRACTION OXYGEN =Y
C hFUA cCbALs TuiAL CxYGLN CCNTEh! Ik WElGHT FEACTIOk UNITS

OELOX Y + 0.0012hfuX =

WFGA/(wFCX + 0.1754 +(1. - WFOX))A =
C
C SCLICUS C0RkcLAlICh3

It(A .LL. C.1) THLb
x + 115 0. + 2098.CSUL =

ILSL
IF(x .LE. 0.18) THE6

C5bL 2212.=

ELS- !
~

ir(A .LE. C.29) THlN '

CSQL = 1.36953176+03 + X*(7.6400743E+03 - ;
e X * 1.70291722+04) e

iLSE !-
it(s .LE. 0.63) Th h |

CSO( 2173.=

LLS t
IF(X .LE. C.667) THEN

CSCL = -1.1572454E+04 + X*2.lE18181E+04
EL5t

CSQL = -1.1572454E+C4 + (1.334 - X) *
* 2.18181 ele +C4

tN01F |
thC 1! j

kNLaF '

LNDIF j
thDAF

C
C LILulDUS CCkRtLATICNS _

IF(A .Lt. C.14) THEN
2.125E*03 + X * ( 1. 6 3216 37E+ 03 - X + 5.3 216 374 E+ 03 )CL10 =

ELSL
i

.

I .
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TABLE 28. (continued)

IF(X LE. 0.41) THEh-

CLIQ 2.11165bb3E+03 + X*(1.1590909E+03 -=

a x * 2.4621212c+03)
ELSL

AF(x .LE. C.667) THEh-

CLIC 8.9507792E+02 + X * 3.1168631E+03 s=

ELSE
CLIC = 6.9507792E+02 + (1.34 - X)*3.1168631E+03ENDIF

LEDIF
-

'

ENDIF -

C
+

''
-

C CALCULATE ALPHA-8 ETA FHASE SCUh0 ARIES
IF(nFox .LT. 0.025) IFEN

CTRAhB 1094. + WFEX * (-1.289E+03 + WFOX * 7.914E+05)=

iLSE - s
CTEAN8 1556.4 + 3.8281E+04 * (WFOX - C.025)=

LNDir -

IF(LTRANO .GT. CSCL) THEh '

LTkANb = CSOL
LNblF
IF(DLLOXY .LT. 4.7300537E-C3) THEh

CINANE 392.46 * ((100.*DELOxy +
ELSE - 0.1242807)**2 + 3.1417)=

.

t.

(100. * OtLOXY + 0.12) * .491.157 + 1081.7413'CTRAhE =
thDIF m
IF(CTxAN6 .CT. CSOL) THEh

CTRANt = C50L
ENLIF ''

.

RE10Rh .I ' ' *,

thL
,

.
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TABLE B-29. LISTING OF THE 20PRP SUBROUTINE

SL cevUIINc 70dRP(YhetOSJL,ZOLIQ,20TC,70MT) =

t
L /uovr Alib4NS ? l2C aldf JXIGE PHAs! TRANSITION TtMPcFATokth
L

duTPui ZI C ALCY Ux10E SOLIOUS TCMPEC' ATUR6 (K)L IU2LL = .

nui vu* ZIPC ALOf ij X 10 t LILUIGUS TEMDF.PATORE (K)L LOL20 =

dLidbT 7I4CALOY UXI0t TFlRAGONAL-TO-CUBICs ib ic =

L PHASE T s a a: > I T I O N TEMPERATURE (K)
oLIPUT T I C C AL O f OX 10E Muh0CLINTC-TO-TFTRAGONALt, /091 =

; C PHA5h T349511 TON ItMP L R A TU2 E (K )
- L

INecT day 6EN-T)-MCIAL EATIO (ATnMS OXYGtN/L fr =

L A T U *. 3 Mdial)
L
C Z r ' e f' WA5 C00e4 RY 0. L. HAGRMAN P ARCH 1082
L

7.!C 2 n o.=

TPri = .47s.
L
u CuNs~ I uA10r-lu-M TAL RATIO Tu ATOMIC FRACTION OXYGEN = X

Ys/(1. + YJ )X =
(

SCtiuJS C0kPELAT!JN5c
AF(r .Lt. S.1) TH6N

= v * 1150. + 2006.C50t
.L%

1*(x .Lt. 7. 4) THEN
'213.CSGL =

cLSE
LE(A .Lc. J.29) THtN ,

t . 3 6 7 5 3172 + 03 + X*(7.6400748E+03 -C5UL =

a ( * 1. 7 04 9172 E +s4 )
cLSF

.'(* .L". L.53) TH E N
'173.C5GL -=

EL(6-

Ir(X .Le. C.607) THtN
CSul -1.1'72454E+04 + X*2.1819181E+04=

tLFt
-1.1972454E+J4 + (1.334 X) *CSut = -

8 4 1910101E+04
CN0lF

16016
.:NU1F

thulk
c P't if

L
L LJCLIGU5 LLRCfLATidst

iF(x .Lt. O.19) THbN
X*5321.6374E+03)2. ! ?' - + L : + Y * (1. 5 3 216 3 7t + 0 3CL IV = -

tL5'
le() .L;. C.41) I if N

Col. = 2.11165593c+03 + X*(1.1590900E+03 -
_

# # * 2.46?l212i+03)
~

.LSi
t>(* .Lt. ).05 Il 6 hen

. *

4.r'07792F+22 + X * 3.ll61131E+03C LIJ =

eL5L
9 95G7792t+C2 + (1.34 - Y)*3.1108831t+c3CLI4 =

{NU1F -

LNia li
r ?'D i f

C
7 tale CdGL=

iPL Iw CLIO=

*tlurs
tNO
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TABLE B-30. 0XYCEN CONTENT PARAMETERS FOR ZIRCALOY

!

~

'
DELOXYa X YE

[k9 excess WFOX (atocs (atoms
' 0/kg Zr(0)] [kg 0/kg Zr(0)] 0/ atoms compound) 0/ atoms metal);

i

0.0000 0.0012. 0.007 0.007"

,

0.0100 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
i

0.0500 0.0512 0.235 0.307
.

_

0.0600 0.0612 0.271 0.372 ,

0.0657 0.0669 0.290 0.408

0.2585 0.2597 0.667 2.000
,

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

1
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APPENDIX C

GAP GAS PROPERTIES

No change in the MATPRO-ll Revisica 2 gap gas properties models is-

required to extena them to high temperatures.
.
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APPENDIX D

NEUTRON ABSORBER PROPERTIES

A set of control rod neutron absorber properties for Ag-In-Cd alloys ,

(804 Ag, 15% In, 5% Cd by weight) and 8 C has been prepared to allow
4

|modeling of the possible flow and freezing of these materials during a
,

'severe core disruption. Properties for both substances hdve been incluoed
in each subcode. An input argument, ICTYPE, is used to determine which
substances properties are returned.

I

No models have been provioed 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 stcel (1700 K)
and B C (2700 K) iisake it likely that the stainless steel will oxidize or

4
melt and run away from hot regions before 8 C and stainless steel mix.

4

NEUTRON ABSORBER SPECIFIC HEAT CAPACITY AND ENTHALPY

(ACP,AENTHL) -

The function 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
tero.

The expressions used for the specific heat capacity of A9-In-Cd are

dtomic traction weighted averages of the specific heat capacities of Ag, In
, and Cd

+ 0.143 C *In + 0.049 C *Cd
0.808 C

pm P PAg
(D-1)C =

p 0.109 Kg/ mole alloy
.

.
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.



where-

alloy specific heat capacity (J/kg k)C -=
p

.

m lar heat capacity of Ag (J/ mole K)C =
pm

Cpm
In

i
m lar heat capacity of Cd (J/ mole K) .C =

pmg

Expressions for the Ag, In, and Ca molar heat capacities up to tne
beginning of melting, 1050 K, were taken from Table 2-24 of Reference 0-2.
All are correlations'of the form

5
C = a + b x 10- x T + d x 10 xT -
pm

.

where

.

f.pm m lar heat capacity (J/ tole K)=

' temperature (K)T- =

and the constants a, b, and d.are listed in Table D-l. For temperatures-<

above 1050 K, C is assumed to be equal to its_value at 1050 K.
p

|
'

The expressions usea for the specific heat capacity of 8 C are.

4
listea below:

|

For temperatures less than 2700 K,.

C = 563 + T (1.54 - T 2.94 a 10-4) (D-3a)-
.

p

,
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TAP >l.E D-1. HOL AR llEAT CAPACITY CONSTANTS FOR EQUATION (0-1) FROM
REFERENCE D-2

a b d
Metal (J/ male K) (J/ mole +K ) (J K/ mole) *

Ag 21.3 4.27 1.51
-

In 24.3 10.5 0

Cd 22.2 12.3 0

.

.

e

.

I12



_

.

for temperatures >2700 K

C = 2577.740 (0-3b).

p
.

Equations (D-3a) ano (D-3b) were developed from a curve given on
page 588 of Reference D-3.-

Integrals of Equation (D-2) (D-3a) or (0-3b) 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
4 '

fusion, 9.56 10 J/kg, was estimated by multiplying the molar heats of
fusion of Ag. In, and Cd by the atomic fraction of each element in the alloy
and div wing 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 B C the heat of fusion was taken to be that of

4
5

UO , 2.74 10 J/kg.
2

Tables 0-2 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
B C are illustrated in Figures D-1 to 0-4. The precictions are expectea

4
to have a standard error near 0.1 of their value.*

NEUTRON ABSORBER THERMAL COGUCTIVITY

(ATHCON)

The only input required by ATHCON to calculate the thermal conductivity
of B C or Ag-In-Cd is the absorber temperature.

4

Tne expressions used for Ag-In-Cd are listed below:

For temperature in the range 300 < T < 1050 K,
_

.

K = 2.805 x 10 + T (1.101 x 10- - 4.436 x 10-5 T) (D 4a).

a,
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TABLE D-2. LISTING OF THE ACP FUNCTION

'

t t !'i. I I G r. A r e ( ! ' I f G r. 4 T E M P ) i
*

L-
J, td , ' r e 1 v 4. 5 THE Sa'CIEIC HJ AT CAPACITY AT CONSTANT
t Pet >304" rCk T 0 TfoE? JF NeUTkON AASO9AEJ?.
C

. Act
*

C- CUTOUT 4850CER SP tC I FIC rte AT C AP 4CI TY . A T '=<

1 C CONSIANT 30h350R5 ( J / ( K G $ 8( )
C
C iC T Y P6 - INDU T A %dt h 2 MATERIAL T(PF=

i C 1 = 31LVCR-INDIUM-CAOMIUM (.9. 15.05)
L ? = 4090N Cak31DE
C t. i e h v iNDLT Arh 143t G I c '4 P f ri A T Ud i: fK)=

C
*

C ACV .A$ COUPJ 4Y D. L, HAGRFAN MAdCH 198?
4

If (IC f f e! .LT. /) THEN
I t ( A T L cle .LT. G'3.) THEN;

CPov ?l.3 + AT"MP*4 2Tc->J + 1.'1C 6P5/(ATEPP**2)=

CP!n >4.3 + A T c h o * l . 0 ;* t - t c=
.

crc 0 E1.2 + ATtMP*1 23r-J2= '

ACF 4.17 * (3.8si'CPA6 + s.143*CPIN + 0.049* CPL 0) i
=

*L%i '

A C I' = 2: 4.1942,'

' tid E F
;
:

EL5' #

l ' ( A 'i L M F .LT. ?7N. )s t r o s ,iti: NALs :53. , (i.3, ATEMo*?.74E-04)= -

t L h.
?;77.740ALP =

r4DIF -

etnik
.t f T U n fi
ekD

,

|-

.

.

! .

I
.
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TABLE D-3. LISTING OF THE AENTHL FUNCTION

,

* FlNCTION AFNT4t(TCTYoF,ATEMP.RrTEMP)
C

.C ocNT4L 7FTUOMt Tyc C4 A4 GE IN cNTHALPY OF NEUTPON ABSORBFPS
C DuoING A CONSTANT oo:SiURE CHANGE IN TE MPE R A TUR F
C-

C AENTHL PUTPUT CH ANGE IN ABSOPBER ENTHALPY (J/KG)=

C
C ICTYDE INotf T A95n09F0 MATCRIAL TYPF=

C 1 SflVCD-INDTUM-CADMIUM ( 8,.15.05)=

C 7 = 0 0 0 Pt CAD 9fDE
C ATEMS INelli eA900mco TFMPERATURE (K )=

'
C PF TCM P INNIT ocCCDENCE TEMPFDATURE (K)=

'

C
C AcNTHL WAS C90F0 MY 0. L. HAGPMAN MADCH 1982
C

T = OFTE9P
N =-1

C
TF(TCTYoF .LT. *) T H e'l

10 !F(iTEMP . L T. 1050.1 THEN
HAG = T * f71.3 + ?.135c-03*T) - 1.51E+05/T

e -6.074915C+03
HIN T * (24.1 + 5.250E-03*T)=

# -7.767500c+03
4C0 = T * (77.? + 6.150E-03*T)

# - 7. ' 115 0 0 F + 0 3
9.17 * (0.909 * HAG + 0.143*4IN + 0.049*HCD)H =

ELSF
IF(T .LT. 1100.) THFN

1. 9 4 6 4 7 3 E + 0 4 + 2.166154E+03 * (T -1050.)H =.

ELSF
H = 1.S77754r+05 + 254.1542 * (T - 1100.)

CNDIF
ENDIF

*

IF(4 . L T. 91 T 4 c'l
N = N + ?
49 = u
T = AirMp
G9 TP 10

cl S c
AENTHL = u _Ho
FNOIP

ELSc
20 Ir ( T .LT. 7700.) THCN

u = T*(563. + T*(0.77 - T*9.9E-05))
ELSE

H = 5.47'E+0A + 7577.740 * (T- 2700.)
FN S I C
Ir ( >g .LT. 01 THCN

N = N * ?
Ho = 4
T = ATcwp
GO TO ?O

El S c
AcNTHI =4 - Ho

EMDIF.

FNDIF
O C TUR N
END

.
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For temperature in the range 1050 < T < 1100 K,
_

3K = 1.076458 x 10 - 0.9349626 T (D-4b).g
.

For temperatures greater than or equal to 1100 K,
.

K = 48 (D-4c)a

5 i

'
- where

'

.

absorber thermal conductivity (W/m K)K =
a

absorber temperature (K).T. =

The correlation (D-4a) was derived by fitting a second degree poly-
.nomial to the first, f ourth, and seventh entries of a table of properties
provided by Reference D-4. The table 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
estimate the conductivity when this face centered cubic-solid -4 melts.O

-

The method for estimating liquid conductivities follows recommendations by
Nazare et al.D-5 Equation (D-40) is simply a linear _ interpolation between
the conductivity predicted by Equation (D-4a) at the beginn|ng of melting
(1050 K) and Equation (D-4c) when melting is complete. Figure D-5 is 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

recommenced.
t

i For B C thermal conductivity the following expressions are used:4

For temperature less than 1700 K, "

~

K" 1.79 x 10-2 + 4.98 x 10-5 T
(D-Sa).
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TABLE D-4. THERMAL CONDUCTIVITY VALUES FOR AG-IN-CD RECOMMENDED BY
COHEN ET AL.0-4

Temperature Thermal Conductivity
(K) (W/m*K)

323 59.0
0

373 62.8

473 70.3

573 76.6-

673 82.0

773 86.6

873 90.4

0

e

9

.
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For temperature greater than or equal to 1700 K,

K, = 9.750390 . (D-5b)
9

The expression is a fit to values of 23.37 and 13.76 W/m K at 500 and
31100 K, respectively, obtained from the 150 lbm/ft curve presented on*

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

,

!

Table D-S is a listing of the ATHCON function. The predicted valves
of tnermal conductivity for Ag-In-Cd and 8 C are shown in Figures D-6 and

4

D-7.

NEUTRON ABSORSER THERMAL' EXPANSION AND DENSITY

(ATHEXP,ADEN)

The function ATHEXP calculates absorber thermal expansion strain while

ADEN is designed 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

*

temperature.

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

For temperature in the range 300 < T < 1050 K,

c ,= 2.25 x 10 (T - 300) (0-6a)
~

.

f

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

.

-4
c = -0.25875 + 2.625 x 10 xT (D-6b).

a
.
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'

TABLE D-5. LISTING OF THE ATHCON FUNCTION '

Pf NC T I qN ATurnetreTYoc tTEMol .

C
C ATHC.,o prit;osis ansoo4co THEDMAl CONDUC TIVIT TES
C etuc14 . OttTot'T rae700: 4 THERMAL C 040'lC TI V I T Y (W/(M*K)) *
r
( y Tp; T No't ? A177?nco MATFRial TYoF |'

.

C 1 = e'LVEO-INDIUM-CaDMTU" (.8 15.05) !e ? = 97014 CiR4IDEf Artva '

INotti Amen?qco TFMpc0ATUDE (4)=
,

d( ,
ATHCD' JA3 c10F0 1Y 7 L. H a f> D " A N "AOC4 1082

C,
e
~

Ir(I ryaE .L T . $1 T4:H
TG(ATcwo .LT. 1"*S.) T4FN

AT4C04 '9.95 + i TE Mo * ( C.11C l-4 T cw ? * 4. 43 6E-05 )=

r. L S 5
IF(ATewo ,gT. 119).) THCN

ATuC'e 1.776458F403 - ATEMP*C. 434962=
: s .-

~ AT4 CON ' + * .=

PNDIF '
? Note

FLS:~

I:(gicMo .tT. 1791.) T4cN
Vr4Cr4 1.9/f3.7179 + ATEND * 4.c8F-05)=

At Sc
AT4Cr4 7. 7 6 C.10 4=

FNnIF
-

rNnt:
PcTU?N
F10

.

O

9
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Figure D-6. Thermal conductivity of Ag-In-Cd absorber.
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For temperature greater than or equal to 1100 K ~ . - 1
'

s

' ' s[,

' ' \
~2 - -

c ,= 3.0 x 10
'

(D-6c)
,

-- -
_

where
, ,

s - su
absorberthrmalexpansionstrain(m/m)c =

a

absorber temperature (K).! T =

Equation (D-6a),istakenfrom\ableVofReferenceD-4. Equation (D-6c)
wasobtainedbymodi[yingthepredictionofEquation(D-6a)toallowforan
increase of 0.038 in volume (0.013 in length) at the center of the melting
range of 1050 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. Equation (D-6b) is a linear interpolation between the predictions
of Equations (D-6a) and (D-6c) for-ttie beginning and end of the melting
range. The expested standard er.-cr %f Equations (D-6a) to (D-6c), 0.1 of.

the predicted strain, is small beciusi the data cover most of the range ofg
*the correlations.

,

.-.. .

The expression used to calculate thermal expansion strains of B C is
4

c = -1.10 x 10 3 + T (3.09 x 10-6 + 1.88 x 10-9 T) (D-7).

a

This correlatiq.'1 is a fit to values of 0, 2.58 x 10-3, and
5.32 x 10-3 at 300,(800 ano 1200 K,'respectively, obtained from a curve

s 3.s,

presented on page 949 of Reference D-6.-The expected standard error is'

T -.

0.2 of the predictea strain. ,.,

u- s .
^

. . -

ThefunctionADEWesesthegeneraL[elationbetweendensityand
thermal strain, Equation (B-10), together with reference densities of

3 3'

10.17 x 10 Kg/m at 300 K for Ag-In-Cd (Reference D-4 Table V) ar.d-
,

.

W

A * *

w.
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s

g\

_

t+
3 3*

2.5 x 10 Kg/m at 300 K for B C (page 943 of Reference D-6). For
4

S Ag-In-Cd tne expected standard error is only 0.02 of tne predicted density,
but for 8 C it is 10.3 of the predicted density.

4
.

Taules D-6 and D-7 are listings of the ATHEXP and ADEN functions. The
predictions for Ag-In-Cd and B C versus temperature given by the function

4
.

are reproduced in Figures D-8 to D-ll.

NEUTRON 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
s

,
-

.- ,
'

interf acial surface tension (N/m).ST =

..

The nunst'r used is an engineering estimate based on the relative -

niagnitudes 5f zirconium and silver liquid surface tensions given by
Allen -8 and'the interfacidl surface tension for zircaloy and zirconium-D

uranium-oxygen compounds given in the ZUSTEN function of Appendix G. The

expected error of this number is

2.0
(+0.2)-

*

,

s

Table D-8 is a, listing of the ASTEN function.

,

NEUTRON ABSORBER VISCOSITY,

'

(AVISC)' .

<

-lhe function AVISC returns an estimate or the viscosity of Ag-In-Cd or .

[ B C neu' tron absorbers as a function of temperature.

.. .
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TABLE D-6. LISTING OF THE ATHEXP FUNCTION

e
'

ATHFY8tTFT**C,ATCMPe9FTF"P)FilNCTi14.

C ATHFYo O E Ttlou t 99 W aro THFCMAL r X p A*lS T ON STRAINS
C

Ol' TOUT TH5 0 9 AL FXPANSION STRAIN ( M/ M)C ATHEXP =

C
C ICTYPC I N o'l T AR"n*BF9 MATERIAL TYPE=

C 1 = %ft9Co-INDTUM-CADMIUM (.9e.15.05)
C ? = '" DEN CADBIDF
C ATF4D = t t,ou r Aasgeoco TFMPERATURF (W)

INDili DCCroctlar TFMPCRATllDF (K)C OCTC"P .
'

C
C ATHEXP WAS rnDF0 AY 0. L. HaGRNAN MARCH 1982
C

T = RFTFMP
N = -1

C
IF(IC TYPE .LT. ') Tury

10 IF(T .LT. 1096.) THCN
?.75r_9s e (y - 300,9CPS =

EL SC
IF(T .LT. 1100.) THCN

-n.79974 + ?.625E-04 * TEPS =
CLSE

F99 = 0. n 3
CNDIF

CNDiF
I F ( 'l .LT. 01 THC"'

i N = t, 6 7
= C09CPSD

' * ATCM8T =
r.0 T O 10

EL Sc
ATHFXP = F09 CDSR-

C'40iF.

FLSC
-1.lc-01 + T*f3.09E-06 + 1.88E-09*T)20 F'S =

T F ( 'l .LT. ^) nero
I4 + ?N =

rpse = FP9
T = ATevo
GO T C "' O

ELSr
ATHFXD = CPC C859-

FNOIC
'

C*l0IC1

D E T il? N
END

i

.

.

I
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!

:

i
,

-TABLE D-7. LISTING OF THE ADEN FUNCTION
'

i

;

!
*F J N " T I fl N A9"Al(I*TV9{eit WS),

C4

C A'EN 3 4 T'ID P? 4A1977C2 9:NTITTFS |

C
i C AWN s'"I' Tot!T 4'tn?a:p DENSITY (kG/48*3) -

C
C ICTY': I N"'If 4*t171ro ggiraIAL TY8F=

C 1 = *ftVCD-INDIUM-CADMIUM (.8. 15,.05)
c ?.= 11o'9 eroator j
e arr w s = - I *1as!r gieq?aro 7:mogoATUDF (< 1, ,

! C.

; C r. () : N 1.47 C ')n e " w9 L. 544GG'%N PACCH lH2
r

Ic(I:TYDE . f. T . ?) 7'4 ? 9
10.17:+31a) =

LL5= 1
39 . ?.t r er 1

t40tc,

j . .) ' = t Ttar v o t r TV 2 c. S T:mp, l';0. )
; i 9 F 'J = d6 * (1.0 - 3. * Ect!

p : t ryo n<

t ENO

1

1

I e

.

'

-
,

,

.I

4

$

i

)

. - -
,

h
a

!

.

;

b
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TACLE D-8. LISTING OF THE ASTEN FUNCTION

FUNCTIGN ASTENtTCTYDF),

C ASTE1 RETURNS Tye TNTEDFACIAL SURFACE TEMSTON OF MOLTEN
C NCUTRON A950naqqq qN 7TRCALOY SURFACES
C
C ASTEN OUTDUT INTCDF4CI AL SURF ACE TENSION (N/M)

- =

C
C IC T Y2 E INollT AB99RBFD MATERIAL TYPE=

C 1 = SYLVcR-INDIUM-CADMIUM (.8,.15,.05)
C 2 = 91994 C ARBIDE
C
C ASTE1 WAS C90F0 3Y 1. L. HAGRMAN MARCH 1982

* Ci ATTE1 0.3=

RETURN
CND.

O

e

|

I

s

O
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10For Ag-In-Cd a viscosity of 10 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

.

"L" Ag " Ag In "In Cd 'Cd (O'9}* +

.

where

nj viscosity of liquid absorber (Pa s)=

m le fraction of silver in the alloy, 0.808f =
Ag

viscosity of silver (Pa s)n =g

m le fraction of indium in the alloy, 0.143f =
in

nIn viscosity of indium (Pa s)=

.

m le fraction of cadmium in the alloy, 0.049f =
cd

nd viscosity of cadmium (Pa s). *
=

c

The component viscosities are calculateo with expressions obtained
from procedures recommended by Nazare, Ondraek, and Schulz -50

= 2.95 x 10~ exp ( ) (D-10)nag

= 3.13 x10-4 exp(7f8) (0-11)nIn

= 3.19 x 10-4 exp ( ) (D-12) -

nCd

.
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'where.

absorbt.r temperature (K)..'T =

e

When the temperature is between 1050 and 1100 K an interpolation
scheme is used-

n3 (T - 1050) + 1010-(1100 - T)
n= (0-13)-.j 50

where

viscosity of absorber in the two-phase temperature range,=n

1050 to 1100 K (Pa s).

10For B C absorbers, a viscosity of 10 p3,s is returned for tem-
4

peratures less than 2700 K. When the temperature is at or above 2700 K,
the expression used is

,

n B C = 1.21 x 0 exp ( ),

4

where

"B C viscos ny of I Quid B C absorber (Pa s).=
4

4

Tne expected error of the viscosity models for absorbers is 0.8 of j

the predicted value because there are no data in support of the model.
[

Table D-9 is a listing of the AVISC function. Figures D-12 and D-13
,

are plots showing the calculated liquid phase viscosities for Ag-In-Cd and*

B C absorbers.
4

.
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TABLE D-9. LISTING OF THE AVISC FUNCTION

f

FUNCTION AVISCf!CTYor,ATEMP) '

b AVISC RE TUPNS 815999F0 VISCUSITIFS
C {
C AVISC OUTouT A999RBcR VISCOSITY (PA*St= i

' '

ICTYPE INPUT A890PBER MATERIAL TYPE=

C 1 TTLV"D-INDIUM-CADMIUM (.8,.15.05)=
q ? = 199"4 CARRfDF ~

!L ATEM3 I N P 81T 84SDo3E' TEMPFRATURE (K) '=
C
C AVISC WAS CODPD TY 9 L. HAGRMAN MARCH 1992 |
C :

C |
IFft: TYPE .LT. ?) THCN :

*IF(ATEMP . L T. 1050.) THEN
AVISC = 1 9c+10

ELSE
VAG 7.05c-04 * EXm(3187./ATEMP)=

VIN = 1.19e_nq + cXP(768./ATEMP)
VOD 1.9tc-04 * E XP (1119. / AT EMP )=

VLIO = 0.93"*V%G + 0.143* VIN + 0.049*VCD |
IF(STEMP .LT. 1130.) THEN !AVTSC ( VL I O* ( A TEMP-1050. )+ 1. 0E + 10* (1100.- ATEMP1 ) / i

=
e so. -

!FLSE
AVitt V t. I 7=

E1DTc
F 19 t F.

ELSE
*

IF ( 4TFMP . L T. 1790.) THEN
AVISC = 1.0C+10

ELSE
AVISC = 1.?15-04 * EXP(9158./ATEMP)

EN D IF .

ENDIF
RFTURN
END

t

e

O
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NEUTRON ABSORBER MELTING TEMPERATURES

(AHYPRP)

The subroutine AHYPRP provides absorber solidus (appearance of the*

first liquid phase) and liquidus (melting of-the last solid phase) tempera * t

tures. There is no required input other than a parameter to identify which.

absorber it,aterial is used.

; For the typical Ag-In-Cd alloy, Reference. D-4 reports an approximate
I 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
is used for the solidus and liquidus temperature of B C.

4

Table D-10 is a listing of the AHYPRP subroutine.
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TABLE D-10. LISTING OF THE AHYPRP SUBROUTINE

SudRdullNE AHYPRP(ICTYPEs ASOLs ALIQ)*

C
C ANYPkP <tTUxh5 AdSOR6EE PHASL TRANSITION TEMPEnATURES
C
C ASOL = OUTPUT ABSURBER SCL10U5 IEMPL R A TU RE (k)-

C
C ICTfPc INeOT ABSCRBER NATERIAL TYPE=

slLVER-IhDIUM-CADMlUP. (.8s.15.05)C 1 =
C 2= 60RGN CAR 8IDE
C
C AHfPRP aA5 COOLD 3Y D. L. dAGRMAN MAkCH 198?
C

'

C
IF(ICTYrE .LT. 2) THE6.

A50L 10$L.=

ALIQ 1260.=

EL$L
d i;t .ASOL =

27G0.ALI4 =

c4DIF
RLIURh
thC

.

O

i
t

e
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APPENDIX E
3

LUNTROL R0D CLA0 DING PROPERTIES

A collection of 304'stainlcss steel properties has been prepared to ,

' allow modeling of the temperature and possible failure by melting or oxida-
tion of stainless steel control rod cladding. Properties included are .

I specific heat capacity, enthalpy, thermal conductivity,_ thermal expansion,
density, and oxygen uptake rate.

8

! CONTROL R0D CLADDING SPECIFIC HEAT CAPACITY AND ENTHALPY

(SCP,SENTHL)

The_ function SCP returns the specific heat capacity of 304 stainless
steel as a function of tenverature. SCNTHL calculates the enthalpy change.

as a function of temperature and a reference temperature (for which enthalpy
change will be zero).

For specific heat capacity the expressions used are
.

C = 326 + T (0.298 - 9.56 x 10-5 x T) , 300 < T < 1558 K (E-la)p3 _

-
>

. C = 558.228 , T > 1558 K (E-lb)p3

.

where

control rod cladding specific heat capacity (J/kg k)C =
p3

i cladding temperature (K).T =

c

Equation (E-la) is a fit to values of 398, 488, and 540 J/kg K at
263, 700, and 1119 K, respectively, cbtained from a curve on page 19-26 of -

Reference E 1. Since the curve reaches a maximum between 1558 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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i

SENTHL uses the following expressions for 304 stainless steel enthalpy:

,

-5h = 326 x T + 0.149 x T - 3.187 x 10 xT , 300 1 1 < 1558 K (E-24)
, 3

5h = -1.206610 x 10 + 558.228 x T , 1558 i T < 1671 K (E-2b).
3

h = -8.475661 x 106 + 5558.228 x T ,1671 < T < 1727 K (E-2c)'

3
I

1.593390 x 105 + 558.228 x T ,1727 K < T (E-2d)h =
3

! where

control rod cladding enthalpy (J/kg)h =
3

controlrodcladdingtemperature(K).T =-

.

Equations (E-2a) and (E-2b) are integrals of Equations (E-la) and
(E-lb). Equation (E-2c) includes not only the specific heat but also a heat!

,

bof fusion of 2.8 x 10 J/kg which is added linearly over the stainless
j steel melting range. Tnis heat of fusion was calculated from heats of

fusien 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

i of fusion was assumed to be the atomic fraction of each element tices the
elemental heat of fusion.

!

The expecteo standard error of Equations (E-la) to (E-2d) is 0.1 times

j the predicted values.

Tables E-l ano E-2 are listings of the SCP and SENTHL functions while.
,

Figures E-1 and E-2 illustrate the calculated values of specific heat capa-
city and enthalpy change relative to a reference temperature of 300 K.

,

|

:
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TABLE E-1. LISTING OF THE SCP FUNCTION

FUNCTION 3CP(CTENP) *

C
C 5LP Rt10dNS THe SPECIFIC HEAT CAPACITY AT CONSTANT
C PhtSSURL FOR 304 STAIhLESS STEEL CLADDING
C .

C SCF ou1PUT SicEL CLAD 01NG SPECIFIC HEAT=

C CAPAC11T (J/(KG*M))
b CTer.P IhFUT CLA0 DIAG TEMPERATURE (K)=

C
i { SLF 4 A S C 0010 'l Y U. L. HAGAMAN MARCH 1982
i If(CTtNP .LT. 1 53.) 1 HEN

_
SCP 326. + CTh1P*(0.298 - CTEMP*9.56E-05)=

t L b r.
SCP 5)t.228=

ENL1F
FtIukh
:. b L

,

1

o

6

.

| .

148
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TABLE E-2. LISTING OF 1hE SENTHL FUNCTION

_
__

FUNC TION S cNTHL (C TEAP,RFTEMP )-

h
C STEEL DURING A CONSTANT PRESSURE CHANGE IN TEMPE hukE

SENTHL RETukNS THE CHANGE IN ENTHALPY OF 304 STA S

~

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

C
INPUT CLADDING TEMPERATURE (K)C CTEMP =

INPUT REFERENCE TEMPERATURE (M)C RFTEMP =

C
C SENTHL w AS CODE D B Y D. L. HAGRMAN MARCH 1982,

C
T = RFTEMP
N = -1

C
ID IF(T .LT. 1558.) THEN

H= T*(326. + T * ( 0.14 9 - T* 3 16 7E-0 5 ) ) -- -
ELSE

IF(T .LT. 1671.) THEN
H= -1.2J661E+05 + T*558.226

If(T.LE.
__

1727.) THEN
H = -d.475661E+06 + T*5558.228

ELSE
1. 593 39 E+05. + T * 5 58.28 - - -- -H =

ENDIF
ENDiF

ENDIF
.L{.vgTHEhIF(

*

HR =H
T = CTEMP
GO TU 10

l ELSE
l SEN1HL H- HR- =

ENDIF
RETURN
END

{
i .

.
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'

CONTROL R00 CLADDING THERMAL CONDUCTIVITY
'

(STHCON)

The thermal conductivity of 304 stainless' steel as a function of tem- -

; perature is calculated in the function STCHON with the following
correlation: ,

K, = 7.58 + 0.0189 T , 300 5, T < 1671 K (E-3a)
|

|

K, = 610.9393 - 0.3421767 T , 1071 5 T < 1727 K (E-36)
,

K = 20 , T > 1727 K (E-3c)
3 ,

'

there

control rod cladding thermal conductivity (W/m K)K =
3

control rod cladding temperature (K).T -=

Equation (E-3a) is a fit to values of 14.65 and 25.83 W/m*K 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 (E-3a) for the solid 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 the value predicted by Equation (E-3a) at 1671 K and
the value 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 is a listing of the STHCON function and the thermal con-
auctivity predicted by tne function is illustrated as a function of tem-
perature in Figure E-3.

.

CONTROL R00 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

-5 2
e = 1.57 x 10 x T + 1.69 x 10' xT , 300 1 T < 1671 K (E-4a)s

= -2.986634 x 10' + 1.972573 x 10~4 xT , 1671 1 T < 1727 K (E-4b)c
3

~

. c = 4.2 x 10 , T > 1727 K (E-4c)3

where
'

control rod cladding. thermal strain (m/m)c =
3

,

control rod cladding temperature (K).T =

i

Equation (E-4a) is derived from thermal expansion rates of 17.2 x 10~0

and 18.9 x 10-6 m/m K at 455 and 959 K. These values were taken from a
curve on page 197 of Reference E-1. A linear fit to the thermal expansion

*

rates yields an expression which can be integrated to produce
Equation (E-4a). The constant of integration is ignored because the quanity
returncd by STHEXP is the strain predicted by Equations (E-4a) to (E-4c) at*

the given temperature minus the strain predicted at the reference tempera-
ture. Equation (E-4c) is the strain predicted by Equation (E-4a) at

153
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TABLE E-3.
LISTING OF THE STHCON FUNCTION

.-

C FUhC TION S THC0h(CTEMP) .

C STHCON --

RETURh5 304 SS ST AINLESS STLEL CON 00CTIVITY
C

g
SThCUN = UUTPUT STEEL THERMAL CON 00CTIblTY ,

C (w/(M*K))CTEMP
INPUT CLADDING TEMPtRATURE (K)

=
C
C-

STHCUN WAS CODED BY 0. L. HAGRMAN PARCH 1962 -C

IF(CTEMP -

. L I . 16 7 A . ) THEN
STHCON = 7. 5 8 + CTEPP * 0.0189ELSE
IF(CTEMP

STHCON .LT. 1727 1 THEN
-

-

ELSE c10.939a*

CTEMP * 0 342176 7
-

STHC0h =
ENUlf ^ 20.

ENDLF
RE1UMN
END

,

t

.

.

/

.

.

<

$
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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-40) is a linear interpolation of the values pre-
dicted by Equation (E-4a) at 1671 K and Equation (E-4c) at 1727 K. Tne .

expected standard error of these expressions is about 0.1 times the
predicted value. .

-

Tne function SDEN uses the general relation between density and thermal
3strain, Equation (B-10), together with a reference density of 7.9 x 10 ggf,2

at 300 K obtained from page 87 of Reference E-2. The expected standard error
3of this density is the uncertainty of reference density, 150 Kg/m ,

Tables E-4 and E-5 are listings of the STHEXP and SDEN functions. The
y

thermal expansion strain returned by STHEXP for a reference temperature of
,

300 K is illustrated in Figure E-4 and the density calculated with the SDEN
function is shown in Figure E-5.

CONTROL R0D CLADDING OXYGEN UPTAKE

(50XIDE,50XWGN,50XTHK) *

Three subcodes are employed to describe the oxygen uptake of .

304 stainless steel. The 50XIDE subroutine returns the linear power
generated by the 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 at a time step. Required input information is the cladding temperature,
the time step duration, the outside aiameter of the as-fabricated cladding,

the initial weight gain, and the initial oxide layer thickness. 50XWGN 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 oxide layer thickness is calculated by 50XTHK as a
function of temperature.

.

.
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1

I
TABLE E-4. LISTING OF Tile STHEXP FUNCTION '

|

* FUNCTION STHFYP(CTEM*,pFTEMP)

b STHEYP RETUONT 304 tS THERMAL EXPANSION STRAINS
C
C STHC% CUTOUT STcFL TyERMAL STRAIN (M/M)=.

h
_

CTFMD INPUT CLAnnTNG TEMPERATURF (K)=

C RFTEMP INDUT REFEPENCE TEMPERATURE (K)=
C
C STHEYP WAS PODEn mY 0 L. H AGR M AN M ARC H- 1982-- --
C

T = OFTEMP
N =-1

C - - - - -

10 IF(T .LT. 1671.) THCN
EPS T* (1.57E-05 + T * 1.69E-09)=

ELSE
IF(T . L T. 1727.} T u e N -- -- --- - - - - - - - - - - - - - - - - - - - - -

EPS = -0.7086634 + T*1.972573E-04
Et SF

EDS = 4 2F-0?
FNDIF - - - - - - - -

k .LT. 01 THFN
Nfpja + p

_ , _ - _ _ - - _ -,

T = C TF MD
GO TO 10

ELSF
STHrxP = FPS - EDSD -- - -'

FNPIF
RETURN '

END
_ _ _ . _ _ _ _ _ _

|
|

\ .

e

i
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TABLE E-5. LISTING OF THE SDEN FUNCTION

.

FltbCT T CN SCFNt(Trup)
C
C SCIN SETUFht ir4 statNLFSS STFIL DENSITY
C
C SnEk PLTol!T (TFct nFNSITY (kG/P**3) '=

,

'-
C
C CTF*D I F e t' T CLAnnTNC, TFPPFPATLRF (k)=
C
C TFF Ft'PCTICN TTHEYP TS CALLED PY THIS FUNCTIch
C
C S CI $t Var CCCCC nY D. L. HAGRP.AN PARCH 1982
C
C

EDS STFEyrtrTc*p,300.)=

SOf N 7.8E40? * (1. 3.0 * E PS )= -

F[ 1 l'D N
.INC

,

F

.

.

I

!

!

.

.

158
.

t

4

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



.

.

E
* d

a
&

E
k o

3

a
|

.

/

E _.
O /

8
a

3XI.0 550.0 OG3.0 1050.0 1300.0 t!53.0 100D.0

TEMPERATURE (K)

,

i

.

Figure E-4. Stainless steel thermal expansion strain.

159

,

- - - . - . , -- - --



9
8
8

.

j N -

= N

9

{-- s

en
x
x
r
N
e
M9

o
w Klss
E
b
o

.

9
8 .

L
,

.

.

v9-
0

L
> 9

h
o.

| 3co.o ss'o.o 800.0 1050.0 1360.0 1550.0 1800.0

TEMPERATURE (K)

|
,

.

Figure E-5. Stainless steel density. -

|
|
|

160

i



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

1.

/ 1 7
f = 1(Zj + 2A exp (-B/T) At l (E-5)Z

/
.

where

Z value of the oxidation parameter (oxide layer thickness or=

' cladding weight gain per unit surface area due to oxidation)
at the end of a time span of at

Z value of the oxidation parameter at the start of the' time=j
span

temperature of the oxide layer (K)T =

time span (s)at =

.

*

A,B rate constants. '=

.

Table E-6 lists the rate constants the rate constants used with
Equation (E-5) to model weight gain or oxide layer thickness. The parabolic
rate constants calculated by 50XWGN and 50XTHK are the quantities

!
|

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

|
- where

parabolic rate constant for oxidation parameter described byR =
,

rate constants A and B.

.

|
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. TABLE E-6. RATE CONSTANTS'FOR USE'WITH EQUATION (E-5) TO PREDICT OXIDATION
4

0xidation Parameter A B

' '
Cladding weight, gain-- 1.2 x 106 2

'

kg /m4 s 42-428~K~
'

'
.

j . (kg/m' surf ace) -
.

"i -

300 m2 s 42 428 K-0xide thickness / - ;
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.

The expression used to model the linear power generated by the

oxidation ~of stainless steel is-

(M#-M)
'=

- 6 j
P = 4.85 x 10 D (E-7)o g

.

where

P ; rate of heat generation per unit length of 304 stainless=

j steel cladding (W/m)

D cladding outside diameter without oxidation (m)=

M mass gain per unit surface area due to oxidation at end of=
7

2time step (kg/m )

mass gain per un_it surface area due to oxidation at start ofN =
g

2time step (kg/m ).
.

The power represented by this equation is about one tenth the power
represented by the corresponding equation for zircaloy oxidation when the.

mass gains are similar.

Equation (E-5) with oxidation rate constants for weight gain was taken
~

from page 50 of. Reference E-2. If the composition and density of the oxide
dre known, the rate constant for the oxide layer thickness can be determined
from the rate constant for oxidation weight gain:

A (E-8)=
; 22

WFOX o<

j /

where) -

:
>

2rate constant for oxide layer thickness (m /s)- - A =

163
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.

2 4rate constant for oxidation weight gain (kg /m .s)B =

WFOX = mass fraction oxide in the oxide (kg oxygen /kg oxide)
.

3density of the oxide film (kg/m ),r.p

. .

,

(? wever, determination of a rate constant for the oxide layer thickness
is complicated by uncertainty about the oxide density because of consider-
able foamiag of the stainless steel during oxidation.E-2,E-5 Moreover,.

page 53 of Reference E-2: reports very complex oxide structures. The oxide
is expected to contain some Fe0, Fe 0 , Fe 0 , Cr0 , Cr 0 '34 23 3 23
Ni0, and mixed spinels. The rate constant in Table E-6 was calculated by
assuming the composition of Fe0 and a density of 3000 kg/m3 (about half
the density of nonporous Fe0).

Equation (E-7) for the linear power generated by oxidation is derived
by subtracting the heat required to dissociate H 0, 2.4182 x 10 J/ mole,E-65

2
5 J/ mole.E-7from the heat of reaction of iron and oxygen to form Fe0, 2.67 x 10

The resultant heat of formation for one mole of Fe0 from one mole of H O -

2
is multiplied by the rate of oxygen uptake in moles and the circumference'

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

The expectc'd s .andard deviation of the oxide layer thickness is
20.5 times the 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 E-7 to E-9 are listings of the 50XIDE, 50XWGN, and 50XTHK sub-
codes. Figures E-6 and E-7 illustrate the parabolic constants calculated
eith the 50XWGN and 50XTHK functions. The time-step-averaged power per

meter of rod calculated with 50XIDE for a 1.25 x 10-2 meter diameter rod -

with no initial oxide layer and a one second time step is shown
.
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TABLE E-7. LISTING OF THE S0XIDE SUBROUTINE

.

SUBROU TINE S 0XI DE ( CTEMP, DT,DROD,S 0WTI,5 0TKI, S0WTF, SOTKF, P AVE ).

C
C S0x1DE RETURNS 304 ST AINLESS STEEL OXIDATION MEASURES --
C AVERAGE LINEAR POWER GENERATED SY THE OXIDATION RE ACTION,
C OXYKGEN WEIGHT GAIN AND ESTIMATED OSIDE LAYER THICKNESS.,

b He'OXfbA b~RAhhfbN_W7M
~

8

b kbIK bOTUTbXIhkL!hfR H hK E S EODbfhIkESThP (=

C
C CTEMP INPUT CLADDING TEMP {RATURE (K)=

C Di INPUT TIME STEP SIZE (S)=

C DROD INPUT DIAMETER OF AS-FABRICATED ROD (M)=

C S0WTI INPUT OXYGEN WEIGHT GAIN AT START OF TIME STEP (KG/M**2)=

C SOTKI INPUT OXIDE LAYER THICKNESS AT-START. OF TIME STEP _-(M)=

C
C THE FUNCTIONS 50XWGN AND S0XTHK ARE CALLED BY THIS SUBROUTINE
C
C SDXIDE WAS CODhD BY D. L. HAGRMAN MARCH.1982 - -

C
C

RhGN = 50XwGN(CTEMP)
RTHK = S0X THK(CTEMP)

C
50kTF = SQRT(SdWTI+*2 + RWGN*DT)
50TKF = SJRT (SO TKI** 2 + RTHK*DT)
PAVE = 4.85E+06 * DR00 * (50WTF - S0WTI) /DT
RETURN
END

,

.

,

.

9
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TABLE E-8. LISTING OF THE S0XWGN FUNCTION

,

F'JNC T I ON C 0YWCN(C Tc45 ) *

C
C 50V4GN c c T UD'It T4e paoA90LIC OYIDATION R A TE CONST ANT,C,
C FDC 304 SS AND F"O T4F E Qll A TI ON

'

CTNAL WETCFT PATNt*2 INITIAL WEIGHT GAIN 4*2 * C * TIME STEP=
C
C S0)kGN Cl.TDUT PADABrtIC OXIDEATIOh RATE CONSTANT FOR=

C 0*TDATION VFTCHT GAIN ( k G * * 2 / ( ( P * * * * S ) ) --- -

C
C CTEMD I b PI'T ftapnTNC TFPPERATLRF (K)=

C
'

C SchkGN VAS CorFD AY 0. L. FAGRFAN MARCH 1982 - -

C
SCykCN 2. * 1.?F+08 * EXP(-42428./CTEMP)=

FFTURk
END

.

e

9

9

4
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TABLE E-9. LISTING OF THE S0XTHK FUNCTION

.

FUNCTION 30XTHk(CTEMP) - - - -- --*
C
C 50XTHK vt. TURN 5 THE P AR ABOLIC OXID ATION R ATE CONSTANT,C,
C FOR 304 35 AND FOR THE EQU4Tl0N

_ _ ,_ __ _ _ _ , ,

C F1hAL THICKNESS **2 = INITIAL THICKNESS **2 + C * TIME STER
C

OulPuT PARABCLIC OXIDEATION RATE CONSTANT FORC S0XWGN =

- -- C- - GX10AF10N TH IC KNE S S ~( N** 2 ht -- -- ~~~ - - -

C
C CTe%3 = INebi CLADDING TEMPERATURE (K)
C
C SGX IHn ,4a5 CODE D B Y 0, L. H AGA N AN N A RCH '19 8 2- - - -

$0X1HK 2. * 300. * EXP(-42428./CTENF)=

RETURN
99 -- ..

.

e

1

4

.
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..

in Figure E-8. Figures E-9 and E-10 illustrate oxygen uptake and the oxide
layer thickness expected after a one second time step with no initial
oxidation.

.

CONTROL R00 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 melting range of
1671 to 1727 K. These numbers are used for the solidus (first liquid phase
appears) anu liquidus (last solid phase melts) temperatures of control rod
cladding. Table D-8 is a listing of the SPROP subroutine,

d
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C SL14 =

SHYv eP wA2 CODif, dY D . - L . d A (,R M A h MARCH 1982
_ _

i s f t,L = 1671.
t s SLI. = 1727. >'

t- itlu*N'i hhy

I. '

7 k

; . -

|

4 ,

'
e

;

i
1

1 -

i

[
,.

,

I
l

!

!
4

I

;

f
;

*

i
i

i
*

i
&

i,

l 174
1

*
e

4

f

i
s

i

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



e- O E *

%

4

e

APPENDIX F

GRID SPACER MATERIAL PROPERTIES

.

O

b

.

i
*

r

| 175



3 s

@

W

i

,

t

e

9

l

e

4

176

- . .



t'

APPENDIX'F

GRID SPACER MATERIAL PROPERTIES

*

The only grid spacer material property required for the SCDAP/ MOD 0 code
is the melting temperature. Tnis information is discussed below. Readers
who desire adottional grid spacer. material properties will find a summary.

in Appenaix B of Reference F-1.

GRID SPACER MELTING TEMPERATURES
I

(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-BDl: An Advanced Best Estimate Computer
.

Program for Boiling Water Reactor Loss-of-Coolant Accident Analysis,
Volume I: Model Description, NUREG/CR-Z i/6 and EGG-Z l09,

October 1981.

F-2. C. T. Lynch (ed.), Handbook of Materials Science, Volume II: Metals,
Composites, and Refractory Materials, Cleveland, Ohio: CRC Press,
Inc., (TA 403.4 L94).
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TABLE F-l. LISTING OF THE HPROP SUBRCUT'NE
_

SUBROUTINE HPROP(H50L,HLIQ)
C
C HPROP RETURNS INC0hEL 718 PHASE TRANSITION TEMPERATURES
C
C HSOL = OUTPUT SOLIDUS TEMPERATURE (K)

~ ~~ ~ '

C HLIQ OUTPUT LIQUIDUS TEMPERATURc (K)=

C
C HPROP WAS CODED BY 0. L. HAGRMAN MARCH _1982 .___.._____..__ _C

H50L = 1533.
HLIQ 1609.=

RETURN
END

.

4

e

4

9

4
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APPENDIX G

ZIRCONIUM-URANIUM-0XYGEN COMPOUNDS MATERIAL PROPERTIES

Extension of the MATPRO-ll 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 AXI, Corium EX1, Corium EX2,.

Corium EX3, etc.G-1 This approach has been avoided here because ceciding
'

when to switch from properties of one kind of melt to another would
needlessly complicate serious efforts to model severe core damage. The six
different types of corium listed above are replaced with a single' 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 of 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 UO , Zr0 , and Zr. These materials are
2 2

used as a basis for interpolation rather than the properties of elemental
U, Zr and 0 because U0 , Zr0 an Zr more closely approximate the com-

2 2
positions of interest.

0-A Gibbs triangle plot of the compositions of Zr-U-0 compounds is
shown in Figure G-1 to illustrate this point. It 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 Zr0 . This melt will dissolve and mix

2
.
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' '
s.

I

w' t5

with U0 . The gross' compositions of interest are thus most likely to lie
2

in the shadco region of the plot (some uranium rich phases which could melt
and flow out of the hot region are the only known exception to this general

*

observation).
.

,

Wnen interpolated properties are used, input values of the atom'ic
'

-

a.i
fractions of zircaloy, uraniJm, and oxygen are converted to mole fractions
of UO , Zr0 , and Zr with the following relations y.2 2

-
-

LU
(G-la)f "

UO U+Z -

1

,,

2

X

7-U
(G-lb)t ~

U+Z .

,

Zr0
2 ;s

. .,

X
- 1

2 y+U
(G-lc)f

[.3
*

Zr U+4
- -

.

; i\

where \\\T
1-> . ,

,, _

/ ole fraction U0 in the compounci . . ,f =
UO 2

2
.i .-

f . hic' fraction Zr0 in the compound
Zr0 2 ,

2 , s
; ,

. -

m le fraction Zr in the compoundf = . -

Zr
'

| .

atomic fraction oxygen in the compoundX =

|
' . -

. ,

atoinic fraction urainum in the compound'

; U =

1 -

%

atomic fraction zirconiM,in the compound.
_Z =

'
'

. ,

, t.
''s ts

%

I h

i \
'
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a

Inspection of Equations (G-la) to (G-lc) reveals several limitations::

First1

.

X+U+Z=1 (G-2)
x

,

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

i \

U1fiU+Z (G-3)

if Equations (G-la) and (G-lc) are to return physically meaningful positive
fractions. The right hand inequality means that the compound must not be

9

oxidized beyond a metal dioxide and the left hand inequlity requires that
at least enough oxygen be present to oxidize the uranium to U0 . Inspec-p

, tion of Figure G-1 shows that the right hand inequlity requires the compound
; tolie@elowthelinedrawnbetweenthepointslabe?+dU02 pand Zr0

j- while the left-hand inequality requires that the compound lie above a line ,

N from the. point labeled U0 to the point labeled Zr. All of the shaded
2

4 "tratogle lies within this region 50 all compounds formed out of UU and
2 _

j N zircaloy oxidized as far as Zr0 will be in the acceptable range.
2

All subcodes which use Equations (G-la) to (G-1c) check for acceptable
ranges of oxygen concentration and raise or lower the presumed oxygen con-
tent to force it to fall within the range given by Equation (G-3). An error
message is' 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

U' = 3(U + Z) (G-4a) -

'

Z

Z ' = 3(U + Z) (G-4b)

184.
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where

revised atomic fraction of uranium in the compoundU' =

.

revised atomic fraction of zirconium in the compound.7. ' =

.

Inspection 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' + Z'.

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

O ' = 7h (G-Sa)

Z ' = 3U + Z (G-5b)

.

Inspection of Equations (G-Sa), (G-5b), and (G-2) shows that this
transformation presurves the urainum-to-zircaloy ratio but increases X'/2

*

to U'.

ZIRCONIUM-URANIUM-0XYGEN COMP 0UNDS SPECIFIC HEAT CAPACITIES

AND ENTHALPIES

(ZUCP,ZUNTHL)

!

( The function ZUCP provides the specific heat capacity of Zr-U-0 com-
pounds as a function of component concentrations and the compnunds tempera-

,

! ture. ZUENTHL returns the Zr-U-0 compound enthalpy as a function of
component concentrations, the compound temperature, and a reference tcm-
perature for which the entnalpy will De zero.

.

i

.

|

1
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The expression used to calculate the specific heat capacity is an
atomic-fraClion-weighted aVCrag9 of the molar heat capacities of U0 '

2
Zr0 , and Zr

2
.

C 0.270 f +C 0.123 f +C 0.091 f
Zr0 ZrpVO UO PZr0 2 PZr2

( }p 0.2/0 f * + 0'09 f
c 00 Zr0 Zr*

2 2

where

specific heat capacity of the compound (J/kg*K)C =
p

specific heat capacity of UO2 obtained from the FCPC =

pV0 subcode (J/kg K)
2

specific. heat capacity of U02 obtained from the Z0CPC =

PZr0 subcode (J/kg K)
2

.

specific heat capacity of zircaloy obtained from the CCPC =

pZr subcode (J/kg K).
.

An analogous weighted average is used in ZUNTHL to calculate compound

enthalpies. This technique has the advantage that the proper enthalpies are
ootained for the limiting cases of 00 , Zr0 , r Zr but the disaavantage

2 2
that the heats of fusion are not constrained to appear between the solidus
and liquidus temperatures of the compound.

Tables G-1 and G-2 are listings of the ZUCP and ZUNTHL functions.

! Plots of tne calculated specific heat capacity and enthalpy of a compound
' made up of 0.2 weight fraction UO and 0.8 weight fraction Zr0 are

2 2
shown in Figures G-2 and G-3.

,

.

| Calculations with ZUNTHL are compared with enthalpies observed by
G-3

~

compounds in Tables G-3 to G-6.Deem for several U02 - Zr02,

(Deem's data are presented in Tables 14 to 17 of Reference G-3). The
,

i 186
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TABLE G-1. LISTir G OF Tl!E ZUCP FUNCTION

' FUNCTION ZUCP(J,lsidTEMP)
C
C 2009 RETUkN5 THc 3P:CIFIC 4 EAT CAPACITY AT CCNSTANT
C FRcSSunt FOR LI KCuhl ut-UR ANIU4-Ox YGE h COMPOUNDS
C+

C ZbCP OUTPbT COMPGLhD SPECIFIC HEAT CAPACITY ( J /( KG *< ) )=

C
INPUT A10MLC FR AC TION OR AhlbM IN COMP 0010C U =

C (ATC.15 UkANIUM/AT3PS IN CanPOUND)
INPUT AT0rtC FRACTION ZIRC0NION IN COMP 00NOC 2 =

C (aToMa Z14CUh1Uh/ ATOMS IN COMP 00ND)
C ZUlcMP = CaePDdFJ hMFcRATURE (K) -

C
C THt FUNCTIdh$ CCP, F C P, AND ZOCP ARE C ALLED BY THIS FU AC TION
C
C ZUCP 4Aa C 0 b 0.0 Bf O. L. HaGRNAN MARCH 1982.
C
C

x = 1. - U - 2
IF((U + Z) .LT. (0.5 * X)) THEN

Ud = 'J
V= u/(3. * (v + Z))
Z Z/(3. ( UG + Z))*=

x = 1. -U- Z
.AITcto,901)
>RI Tc ( 6,9 02 )
WRITE (6,903) us 2

ELSL
IF((0.5 * X) . L T. u) THEN

00 =b.

J/(3. *O + i)U =
Z= Z/(3. * uu + Z)

1. U-Z4 = - -

WRITE (6,704)
dR I T h ( 6,9 0 2 )*

d41Te(bs003) OsZ
tN01F

ENDIF
C

Fbd2 U/(utt) - -=

FZLZ (0.5 *A - U)/(b + 2)=

FZF 1. - FOU2 - FZC2=

901 FCRf1AT(1HO,"JuMPOUND LXIDIZED BEYCND METAL DIOXIDE")
402 FURMAT(1HO,"MAlvd0 FLACTION ZUCP HAS k ED EFINFO THE C OM P0b hD")
903 F0kMAT(1HO,* U a,E15.5,a 2 5,E15.5)= =
904 FCR.1AT(1HO,"CudP0UhD HAS TOO LITTLE CXYGEd TO FORM U02 FRCM U")

C,

'

CZF CC P ( Zb TEM P )=

Cou2 = FCP (IUTt NP, 0.0,2.0,0.95),

20CP(lsTEnP)CZ62' =

C
'

ZUCP (C U O2* 0 2 /* FU G2 + C ZO2* 0.12 3* F Z O2 + C ZR*0. 091 * F Z4 ) /=

d ( 0.270* FuG2 + 0.123*FZ02 + 0.091*FZR)
C>

l RETURN
END

'

-

i
l

I

.
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TABLE G-2. LISTING OF THE ZUNTHL FUNCTION

t t h l i I C P- 2L N 16 L (L , . slui L NF a k F I Lc.P ) '

C
L /tt.Ihl e t ILF h's T eiL ces 4t.6 L Jh t Ni h/.L F Y OF Z A RC Ghlor.-UR At+ 10h
C t!) Y bt h CI P vt,boL S L be l .4G A l.UN51Ahl PRE 5SLkt CHehbt th
L l t Pi t F/1LRt '.

C
L- 2btlHL LLT rsi c a s.t.G { IN (LPPOLNb thTbALP) ( J / F G ) -- -=

C
I ts e t i ATwe l l. FkAC113h LRANILP Ik (

(.6P P OL h l ) . L P P CLhD
t. t =

L ( tl L* 5 Um At Ayr./ Al(ir) 16
' l tJ L T AIL.h1C FNAC11tm 21kCLhlLP 16 (CMFGbh6C 2 =

C (ATuth Z lvtutil ur / A l uhs th CCPPLLhD)
G J t.J E r P C f.P r LL hu I t tt e t n A T UR lit fiP C R AI LE E ( k I )

=

bLfLnLhCi (F ;L P t l l fi r' =

g . _ _ _ g

L 1he S L t t' L u t 3 L L t 11t L , I t' h T H L , AND 10hlhL Akt CtLLt0 !

C iY lHis F Lt.C T 10h |
t 1

( / (. t,1 H L A '; LGLLU BY D. L. HAGkhAh MARCH 3962. i
L
C

1. - L -1) =

16 ( (o + 2) .LT. (C.5 * x)) THth
LO t= ,

i

Z ) ))
L/(3. * (L +( =

t / ( 3. * (UU + 2 ) 4t =
2U) = 1. - -

er 11 L(t ,001)
be 11 (c esut )
W F. i T r ( 0 ,4 0 3 ) 0,2

.

elSi
l i ( ( ' . :. * s) .LI. d) THEN

t. U =t
L/(;. * L + /)L =

s = 1/ ( 3. * LG + Z) -

A 1. t 2= - - .

We11k(i.,$,04)h0 1T (n,%2)
p ] [ [ ( t. , 9(. 3 ) 0,1 - - - - = _

t Al IF
tt L li

C
ft+2 4 (/(L41)

01/(U + Z)(( . * Ai F/L; = -

' Fef = 1. - il02 - 6202
961 F t Fr /.T ( Itit ,"L Lt edbhD 0xiL 12LO of YOND PElAL DICXIDLH)
4G2 t i e t A T ( It c,"N i & k t' (LhCT1bh ZuNTHL FAS kEDEtlhili-lht COMPUdbO")
%? FLEtA1( W.," ( ''s s 13 3, " 4. = ",El!.L:=

9C4 F L e t s.l ( 1b t ,''C t t r ou ho 4 A d 100 LITILL LAY 0tN TU 10Rtt LJ2 Fkan U")'

! C
'

C hl bl ( 4 L i ' M , h Fi tihP ) - -----h45 =

FLC2' t t o l ht ( s t T t P F ,0. us 2. L ,3113. ,0.0 )=

H L: L i f L t' lHL (il T .hP,0. C,2.(.,3;13.s C .0 )=
i

ebli N L C ? - ti L O 2 e=

flLi 10N ih L t t t i t .' r s d F T i M P ) i=

C *

2 L e i til (Ft.0 * .~.2 b Fut.2 + H 2 0 2 K .12 3 * F Z C2 + h2k*0 091*F nl/
=,

i s ( L . J/ t * l L,0 2 ' + v .12 3 * l-l u 2 + 0. 0 5,1 * F Z k )
| C
! > [Ild b

5 t. t.
-

i

188
1
,

I

I

L



o.

H.
-

.

.

~$

M
h
- -

Y /'

-Q

$
W

SS
kw.

.

9
$

o.
O

R .0 000.0 1300.0 18b0.0 2300.0 28CD.0 3300.0

TEMPERATURE (K)

.

Figure G-2. Specific heat capacity calculated for a
~

0.2 UO2 - 0.8 Zr02 weight fraction compound.

1

189



"b o.
TM

.

.

9
M

G Y
/

'R /
>I

1
O

.

R -s

o
o

0 800 0 2300.0 2800.0 3300,o

.

Figure G-3. Enthalpy calculated for a 0.2 002 - 0.8 Zr02 -

weight fraction compound.

190



-

TABLE G-3. lHNTHL CALCULATIONS AND DEEM'S DATA -3 FOR A 022 U0 -0.8G
2

Zr02 WEIGHT FRACTION COMP 0UND

Observed Enthalpy Calculated Enthalpy
Temperature.

4 4
(K) (10 J/kg) (10 J/kg)

273 0.00 0.00
..

370 4.23 4.16
370 4.31 4.16
378 4.64 4.53
469 9.16 8.85'

596 15.69 15.24
596 15.56 15.24
727. 23.05 22.08
868 30.92 29.66
870 31.00 29.77

1095 42.59 42.22
1257 52.05 51.40
1479 63.97 68.11
1750 79.50 83.05
2108 101.0 103.10
2256 112.0 111.92

.

e

4

:e
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TABLE G-4. ZUNTHL CALCULATIONS AND DEEM'S DATA -3 FOR AG

0.32 U0 -0.68 Zr02 WEIGHT FRACTION COMP 0UND2
__

Observed Enthalpy Calculated EnthalpyTemperature
4 4 *

(K) (10 J/kg) (10 J/kg)

273 0.00 0.00
348 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 5.57 5.54
408 5.61 5.54
541 11.97 11.63

543 11.95 11.72
690 19.20 18.82
691 19.36 18.87
829 26.21 25.76
829 26.22 25.76

947 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 84. 14
1919 82.26 86.30
1976 86.06 89.32

2096 93.55 95.78
2175 100.96 100.19
2276 107.19 106.02
2385 119.50 112.57
2487 125.98 118.96

.

e
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TABLE G-5. ZUNTHL CALCULATIONS AND DEEM'S DATA -3 FOR A 0.5 00 -0.5 Zr02G
2

WEIGHT FRACTION COMPOUND

Observec Enthalpy Calculated Enthalpy
Temperature 4

-

(K) (10 J/kg) (10 J/kg)

273 0.00 0.00
339 2.33 2.32'

339 2.37 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 67.66 71.20
1889 72.17 75.66
1995 77.74 80.82

2086 84.60 85.34
2188 89.66 90.60
2297 99.33 96.47
2430 105.94 104.01

.

.
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TABLE G-6. ZUNTHL CALCULATIONS AND DEEM'S DATA -3 FOR A 0.94 00 -0.06 Zr02 i
G

2
WEIGHT FRACTION COMP 0UND

,

Observed Enthalpy Calculated Enthalpy
.

Temperature
4 4 *'

!

__ (K) (10 J/kg)- (10 J/kg)

273 0 0.

| i

372 2.36 2.55<

372 2.55 2.55

3 474 5.58 5.46

596 9.25 9.15

! 597 9.26 9.18
:

! 728 13.41 13.29
i

729 13.44 13.32 r
i

'

8/0 17.96 17.87
i

872 18.02 17.94

1030 23.32 23.15 '

1108. 25.15 25.76
.

! 1314 32.72 32.77
;

1492- 37.11 39.24; t

1816 48.45 50.81

2071 59.66 60.56

2265 68.58 68.68 ,

,

'.

.
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v

standard error of these predictions, 2 x 10 J/kg or 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 adopted for ZUCP.

.

7.IRCONIUM-URANIUM-0XYGEN COMPOUNDS THERMAL CONDUCTIVITIES

(ZUTCON)

' Requirea 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 K andZr

k *I k + k + kZr - 0.4 f00 Zr0c UO u0 Zr0 Zr0 Zr
2 2 2 2 2 2

+ 7.8 f Zr + 7.8 fZr0 Zr (G-7)UO
2 2

~

where

k
* compound thermal conductivity _(W/m K)=

c

thermal conductivity cbtained from the FTHCONk *
UO 2

2
subcode (W/m K)

k r02 thermal conductivity obtained from the Z0TCON=
Zr0

2 subcode (W/m K),

l
.

zircaloy thermal conductivity obtainea from the CTHCONk =
Zr

| subcode (W/m K).
(
1

Expression (G-7) is an atomic-fraction-weighted average of the thermal.

conductivities of UO , Zr0 , and Zr modified to include cross-products.
2 2

The modification was added to reproduce the parabolic shape typically seen
. ~

in plots of conduction versus composition in binary mixtures.G-2,G-4
<
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m

The coefficient of the U02 - Zr02 cross-product was obtained by
requiring Equation (G-7) to reproduce a thermal conductivity of 1.44 W/m*K

'

at 2073 K for a composition of 0.315 mole fraction UO and 0.685 mole
2

by weight). The thermal con-fraction Zr02 (0.5 002 - 0.5 Zr02 .

ductivity was obtained from a curve published as Figure 56'in Reference G-3.
A similar approach was used to determine the coefficient of the Zr-UO

2 -

cross product. A measurement from Rauch,G-5 11.09 W/m K at 343 K for a

composition of 0.80 weight fraction UO and 0.20 weight fraction Zr was
2

employed. No data were found to evaluate the Zr-Zr0 cross product
2

coefficient so the Zr-UO cross-product coefficient was used as an
2

estimate.

Table G-7 is a listing of the ZUTCON function. A plot of the cal-
culated thermal conductivity of a compound made up of 0.2 weight fraction
UO and 0.8 weight fraction Zr0 is shown in Figure G-4.

2 2

Model predictions are compared to thermal conductivities calculated by

Deem (Taole 26 of Reference G-3) from his data for several U02 - Zr02
compounds in Tables G-8 through G-12. The standard error of the ZUTCON *

calculations is 1 W/m, most of which is caused by serious overprediction
at low temperature and high UO content.

2
.

ZIRCONIUM-URANIUM-0XYGEN COMPOUNDS THERMAL EXPANSIONS AND DENSITIES

(ZUTEXP,ZUDEN)

The function ZUTHEXP calculates the thermal expansion strain of Zr-U-0
compounds as a function of composition, temperature, and a reference temper-
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
.

+ 2*I22.46 f UO 'U0 Zr0 'Zr0 + 1.39 fZr 'Zr
2 2 2 2

[ )*c* z.46 t +#*' # *'*"#
UO Zr0 Zr

2 2
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TABLE G-7. LISTING 0F THE ZUTCON FUNCTION

*

FurtC T 10N luiC')N ( 0, Z,l uTF M P) -- ~ ~ - -

C
C 2 L I CJr. s t. i s to I Ix CdN 10M-OR A NI UM-Ox (Ge h COMPOUND
C C ; t'u)C TI v i 11

c. -- - - - -.

C Zu T OON deTPur C0hP00ND CONDUCTIVITY (W/(M*K))=

C
INFUT A10blC FR AC TION UkAhldM Ih COMPOUNDC U =

- C- -- ( a l uM5 UK Art l Ur / A TOM 5" I M -COMP 0ttM0 t ---- - - - - - - - - - - '

C Z levi AIOnic FRACTION ZIkCGNibM Ih
IN COMPOUND)COM?OUND

=

C (A6JMa ZLG UN10M/ATuriS
C l u l e. nP = Cu.PourD TU FLRATUkE (K)< r
g _ ___ . _ . . . _ _.

(L
THi SudC0065 CTHC0h, FTHCurd, AND ZOTCON ARE CALLED BY THIS
i u t.C T I Dit

C
C ZUTCON WAs CODEt: d Y D. L . H A GR FA N MAliCli1982. - ' -

C
C

1. 0-ZA = -

- 1r((u + 2) .Li. (0.9 * x ) ) oT HE N - - - --- -- ~ -- - - --

JO = b
u = O/(3. * (U + Z))
Z Zi(3. * (b] + Z))=

Z
- - - - --- ' ' ~ ~ ~X = 1. -9 -

n'K A Tc ( o s v 01 )
=nlI (o,502)
adII;(o,403) J,Z
g . . . _ _ . _ _ . _ _ . . .

If((0.9 * x) .LT. b) THcN.

bUJ =

v/(3. * O + Z)b =
Z/(3. * 00 + Z) ~~~ - - ~~ - -- ~ ~ -Z =
1. -U-ZX =

dk il o t o,9 04 )-
>

= r.1 T t. ( 6, 9 0 2 )
'4 x 1 I .: ( o ,9 0 3 ) 0,2 - - - - ' -

chD16
L t. D I F

C
f uu2 * U/ (U+ Z) ~~' ^

6Z02 (0.5 * A - b)/(v + Z)=

FZ6 EU)2 - FZL21.= -

401 F0FnAT(1HO,"Catfuva9 U AI O12t u St. Y 6tvu McT AL DIOXIDE")
ruonaT(1HO, nfPau fuhC110N ZUTCON hat REDEFINED THE C01P00ND* )902 F0RoAT(LHO,"" u = "si.15.b," Z903 ",E15.5)=

404 FOPMAf(id0,"CddPdUND HA> T0J LITTLE GXYGEN TO FORM UO2 FROM U")
C

CALL C THCuNiluli"P,CCCNsC0KU1) ' - - ~ - - - - - - - - -

CZn CCus=

L4LL F 1 1C d $ ( 201 t'P ,1. CO,2. 0, C 0h, U K DT )
gobl = ua

. _ _C
_ L l u 2_= ZuiCdatzuidMP) .___. _ ._.__. _ ._ ._

~ ~ ~ ^ - ~-- ' ' ~ ~ ~

ti1CUN FJU2*C uG2 + FZG2+C202 + F ZR *C ZR - 0.4*FUD24 FZO2=

* +1.e=tba2*rZh + 7.6*FZO2+FZK.

I F ( Z u l J Jt4 .bT. CZA) THth
- L U T Cuti = CZR -'- - - - -'

o 401Ft

C
*

xtiuRN
t rib - - '-- --

197

-
~t .

~ ,

_\



.

all

.

..

i

.

.
v

i

-
-

To
r ri

<

s
t- .

-

4

b -

>
- .

9
c

\ .

'

/
/% .s -

.

.

I

f 9
1 c

300.0 000.0 1300.0 18b0.0 2300.0 2000.0 3300.0

TEMPERATURE (K),

1

I

.

| Figure G-4. Thermal conductivity calculated for a 0.2 U02 - 0.8 Zr02 '

weight fraction compound.I

!

|
t

198

t
!

.



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

TABLE G-8. ZUTCON CALCULATIONS AND DEEM'S RESULTS -3 FOR A 0.2 00 -0.8 Zr02G
2

WEIGHT FRACTION COMPOUND

Temperature Deem's Conductivity Calculated Conductivity
''

(K) (W/m K) (W/m.K)

423- 2.8 1.7
.

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

,

|
,

i

.

e

.|
'

i
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TABLE G-9. ZUTCON CALCULATIONS AND DEEM'S RESULTS -3 FOR A 0.32 U0 -G
2

0.68 Zr02 WEIGHT FRACTION COMPOUND

Temperature Deem's Conductivity Calculated Conductivity
(K) (W/m.K) (W/m.K) *

423 2.5 2.2
"

473 2.3 2.1

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

;

,

i

e

e
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TABLE G-10. ZUTCON CALCULATIONS AND DEEM'S RESULTS -3 FOR AG

0.5 U0 -0.5 Zr02 WEIGHT FRACTION COMPOUND2

Temperature Deem's Conductivity Calculated Conductivity
(K) (W/m'K) (W/m*K)

*

423 2.2 3.3
.

473 2.0 3.1

573 ' l.8 2.7

673 1.75 2.44

873 1.71 2.06

1073 1.69 1.82

h 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

|

,

! .

I
t

.
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TABLE G-II. ZUTCON CALCULATIONS AND DEEM'S RESULTS -3 FOR A LOWG

DENSITY 0.32 UO -0.68 Zr02 WEICHT FRACTION COMPOUND2

Temperature Deem's Conductivity Calculated Conductivity
,

(K) (W/m*K ) (W/m.K)

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

1073 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 G-12. ZUTCON CALCULATIONS AND DEEM'S RESULTS -3 FOR A 0.94 00 -G
2

0.06 Zr02 WEIGHT FRACTION COMPOUND

Temperature Deem's Conductivity Calculated Conductivity
.

(K) (W/m*K) (W/m.K)

423 3.8 7.8
.

473 3.6 7.2

573 2.8 6.1

673 2.41 5.32

873 2.32 4.19

1073 2.19 3.45

1273 2.06 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
'

,

i

|

|

.

| .

;
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where

compound thermal strain (m/m)c =
, c

<
i

U0 2. thermal strain obtained from the FTHEXP s' bcode (m/m)
"e

2

thermal strain obtained from the 20TEXP subcode (m/m)"
c Zr0 2

2
.

*

!
'

j cZr isotropic Zr thermal strain obtained from the CTHEXPi =

subcode with COSTH2 = 1/3 ana COSFI2 = 1/2 (m/m).
. .

!
'

This expression is a component-volume-fraction weighted average of the,

component strains. The volume fraction of each component is

I i *i,

Di
(G-9)f

~ "
y f m.i j J -

j= "j
.,

.

] where

volume fraction of 1-th component (m j ,3)3
f =
y

I
mole weight of i-th component (kg/gm mole)' m =

3

(0.270'for U0 , 0.123 for Zr0 , and 0.091 for Zr)
2 2

3density of i-th component (kg/m )=p j
(10,980 for UO , 5,800 for Zr0 , ana 6b50 for Zr).

2 2

Expression (G-8) is derived by assuming that the compound is made up; ,

of components whicn produce independent thermal strains. The initial volume
is thus

3 , ,

(G-10a)o"YUO Zr0 Zr
* *

2 2 g, g g

204
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=f V +f V +f V (G-105)-V V
UO Zr0 Zr

2 2

* where

3initial component volumes (m )V Y and V* =
UO Zr0 Zr

2 2 g
g g

_ component volume fractions (m j ,3)3f ,f , and f =
y y y ,

Trie component volume after some thermal strain is, according to
Equation (B-8) which relates linear strains to volume strains,

V=V PI UO ) + Zr0 PI Zr0 ) + YZr **P (3* Zr) (G lla)UO
2 2 2 2 g

g g

( * UO ) * Zr0 *Zr0 ) + Zr (1 + 3cZr) (G-llb)I +UO-

2 2 2 2 g
g g

.

The compound volume strain, c sc,
v

V-V
(G-12a).c "

c V
v o

V +Y Zr 3eZrUO UO Zr0 *Zr0 +V
2 2 2 2 g

(G-12b)= y +y +y
U0 Zr0 Zr

2 2 g
o o

* + + b-* . V Y Y Zr *

UO 2 Zr0 2 Zr
2 2

*

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

.

The expression used in ZUDEN to calculate compound densities is
.

0.270 f + 0.123 f + 0.091 f
00 Zr0 Zr

Dc " U.uu t '
uu Zr0 Zr .

2+ 2+
8 UO Zr0 Zr

2 2

where

3compound density (kg/m )=o c

3density obtained from the FDEN subcode (kg/m )p
00 g

2

.

3
r density obtained from the 20 DEN subcode (kg/m )pZr0 g

2
.

pZr zircaloy density obtained from the COEN subcode (kg/m )= .

Equation (G-13) is 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 is thus the total mass divided by the total
volume

;

3

.[Nf mj j

o (G-14)= .

c

[Nf m
4 g

i= 1 p j
,
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where

nuncer of moles present in the compound.N =

.

Cancelation of the common factor N and substitution of the component 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

I strain and density of a compound made up of 0.2 weight fraction U0 #"d
2

0.8 weight fraction Zr0 are shown in Figures G-5 and G-6.
2

Model predictions are compared with thermal expansion strains and
densities measured at 293 K by Deem (Table 12 of Reference G-3) for several

UO - Zr0 compounds in Tables G-15 to G-19. The standard error of the
2 2

ZUTEXP function calculations is 1.0 x 10-2 and the standard error of
2the ZUDEN function calculations is 3 x 10 . These standard errors are

reconnended as the expected standard errors of the ZUTEXP and ZUDEN function
*

calculations.

ZIRCONIUM-URANIUM-0XYGEN COMP 0UNDS COEFFICIENTS OF FRICTION-

(ZUFRIC)

The function ZURRIC returns the coefficient of friction of flowing
,

Zr-U-0 compounds. The correlations used for this coefficient are

F = 0.0791 R ( ) ,Re > 7539.42 (G-15a)
e

i

F = h , 7539.42 > Re > 10-6 (G 15b)

.

F = 6.4 x 10 , Re < 10 - (G 15c)

o .

'
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TABLE G-13. LISTING OF THE ZUTEXP FUNCTION

*

FUNCTION Z UT c XP ( u,2, ZUT E P P, R F T E MP )
C
C ZU1EXP METURN5 ZlRLdN1bM-URANIUM-DXYGFN COMPOUND
C IHEdMAL EXPANSION 5 TRAINS

*
C

OUTPbT THLWMAL EXPANSION STRAIN (P/M)C ZUTEXP =

C
INPUT AIGMIC FR ACTION UR ANIUM IN COMPOUNDC U =

C (ATOM 5 URANIUM / ATOMS IN COMP 0bND)
INFUT ATCo1C FRACTION ZIRCUhlUM Ib COMPOUNDC Z =

C (ATunS ZIkCUh1UM/ ATOMS Ih C OM POUM L )
C OMPOU NO TcMPtRATURL (K)C ZbTdMP =

REFEkshCE TEMPERATURE (K)C kFTEMP a

C
C THI SudCuDES CTH6XP, FTHEXP, AND ZOTEXP ARE CALLED
C BY THIS FUNCTION
C
C ZUTEXP WAS C0uiC 3Y D. L. HAGRMAN MARCH 1962.
C
C

1. -U- 2X =
IF((d + Z) .LT. (0.5 + XI) TH6N

00 U=

u = o/(3. * (U + Z))
Z= Z/(3. * (UG + Z))

1. -b- ZX = .

edI TE (6,901)
WRITE (6s902)
WRIlt(6,903) U,Z

ELSd .

IF((0.5 * X) .LT. U) THEN
C0 =L

U/(3. *U+ Z)U =

Z= Z/(3. + 00 4 Z) *

WRITE [. - b - Z
X =

(6,904)
wRITd(6,902)
WRITE (6,903) U,Z

ENDIF
tNDIF

C
tug 2 = U/(U+Z)

( 0. 5 * X - 01/(U + Z)FZO2 =,

Fu02 - FZG2FZN 1.= -

901 FORMAT (1HO,"CGAPduhD CxIDIZED BEYOND METAL DIOXIDEa)
902 FORMAT (LHO,"MATPkb FUNCTION ZUTEXP HAS RE0EFINED T HE COM P CU4D")

a,Elb.5)a,t15.5,a Z903 FORMAT (lHO,a U ==

904 FUFMAT(IHO,"CUMFOUND HAS TCO LITTLE CXYGEN TO FOR* 002 FRCM tla)
C

C AL L C THt X P ( 0. 3 3,0. 5, ZbT EMP, E F T E M P, S TR N11, S TRN 22, S TR N 3 3 )
STRNilcZF =

EUO2K = FTHEXP(RFTchP,0.0)
FTHEXP(ZultMP,0.0)

_ EUU2 =

t002 - EUO2REUO2 =
ZUTEXP(ZuidMP,RFTEMP)LZO2 =

C .

( 2.46* FUU2+ EUO2 + 2.12*FZO2*EZO2 + 1.39*FZR*EZR)/ZUTEXP =

e (2.46*FUO2 + 2.12*FZO2 + 1 39*FZR)
C

RETURN '

EhD

~
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TABLE G-14. LISTING OF THE ZUDEN FUNCTION ,

_

'

FUNCTION ZuD6h(b,Zs20 TEMP)
C
C IUDLN RtTudNS ZIRC0hluN-URANIUP-0XYGEN COMPOUND
C DLNSITY
C+

C ZUDEa UUTPUT COPPOUhD DENSI TY ( KG /M** 3)=
C
C U lt4PUT A TOMIC FR ACTION OR AblUM IN COMPOUND=

C (ATOMS uRANILM/ ATOMS IN COMPOUND)
C Z 1htui ATOMIC FRACTICN ZIRC0610M Ib COPPOUND=

C (A1063 ZIRC ONIUM / AlOMS IN COMPOUND)
C ZLTiMP C Gr.P00hD TEMPI k ATUR E (K)=

THL SUBCUDES C 7 HEX P, FTHEXP, 2 0TE X P, CCEh, FDEA,
C AND ZODtN ARL C ALLED BY 1HIS FUNClION
Ci

'

C ZUO6N Wah C00fu ht D. L. HAGPMAN PARCH 1982.
! h
i x = 1. - u - Z
. IF((U + Z) .LT. (0.5 * X)) THEN* 00 = 0

U = v/(3. * (u + Z)).

Z= Z/(3. * (UO + Z))
x= 1. -v- Z
>RITi(6,401).

WRITL(6,902)
MR A TE ( 6,903) U,Z

eLSE
(F((0.5 * x) .L T. b) 1 HEN,

CO = U
U = Ut(3. * U+ 2)

Z/(3. * 00 + Z)Z =

x = 1. -U-Z
WR I T c ( 6,9 04 )-

wd 1 T L ( b,9 02 )
d x 1 T L ( 6,4 0 3 ) 0,2

VNDsf
ENulF

C
FLU 2 = U/(U+2)
FZG2 = (0.5 * x - b)/(L & Z)

; FZK 1. - FUJ2 - FZC2=

901 FORMAT (1H0,"CurP0uND LxlGIZED BtYDAD NETAL DIOXIDE")'

902 FORMAT (IHO,"MATPHO PbhCTIOr4 ZUDEN HAS REDEFINED THE COMP 00NO")
903 FUnMAT(IHO,* U a,c15.5,# Z = h,E15.5)=

| 904 FORMAT (1HO," COMP 00ND HAS TOU LITTLE 0XYGEN TO FORM U02 FROM Un)

RZR CDEa(ZOTchP)=

abo 2 = rudN(ZUTEMP)
ZGUE A(ZU TE P P)RZLZ =

C
__ ZUCLN ( 0.2 70* FUU2 + 0.123* F Z O2 + 0.091*FZR)/=

( 0 2 70*F UU2/R UC2 + 0.123 *F Z02/R ZO2 + 0.091*FZR/RZR)*

RhidAN| .

EAD
,

|

.
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TABLE G-IS.s ZUTEXP CALCULATIONS AND DEEM'S DATA -3 FOR A 0.2 00 -G
2

0.8 Zr02 WEIGHT FRACTION COMPOUND

l Observed Strain Calculated StrainTemperature _,

(K) (10-2 m/m) (10-2 m/m)
* 293 0 0-

.

373 0.03 .0.06

473 0.09 0.15

I 3j 573 0.18 0.23

b e .? ~ 598 0.20. 0.24
: - -- ._

-636 0.00 0.27'

I
'

673 -0.33 0.31
E *
^

873 -0.08 0.47

1073 0.15 0.63
i

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

. <

T-

<

a

t

e

i

*
i

.j
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TABLE G-16. ZUTEXP CALCULATIONS AND DEEM'S DATA -3 FOR A 0.32 00 --G
2 '

O.68'Zr02 WEIGHT FRACTION COMP 0UND
T

Observed Strain- Calculated Straine
Temperature

(K) -(10-2 m/m) (10-2 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 1.11 0.82

1473 1.35 1.00

1673 1.57 -0.61

1873 1.81 0.35-

'

2073 2.05 -0.08
.-

2273 2.33 0.18

.

e

.
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TABLE G-17. ZUTEXP CALCULATIONS AND DEEM'S DATA -3 FOR A 0.5 U0 -G
2,

0.5 Zr02 WEIGHT FRACTION COMP 0UND

Observed Strain Calculated StrainTemperature ,

(K) (10-2 m/m) (10-2 ,j,)

293 0 0-

,

473 0.16 0.15

673 -0.37 0.32,

873 0.61 0.50

1073 0.84 0.68'

1273 1.08 0.87

1473 1.32 1.06

1673 1.56 -0.21

1873 1.80 0.05'

-2073 2.08 0.33.

~

2273 2.46 0.59

. .

1

1

:

,

't

.

,

%

1
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TABLE G-18. ZUTEXP CALCULATIONS AND DEEM'S DATA -3 FOR A 0.94 00 -G
2

0.06 Zr02 WEIGHT FRACTION COMPOUND

Observed Strain Calculated Strain.

Temperature
(K) (10-2 m/m) .(10-2 m/m)

293 0 0*

473 0.17 0.18

673 0.39 0.37
'

873 0.63 0.58
i

1073 0.87 0.80

1273 1.13 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

.

*

4

O

.
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TABLE G-19. .ZUDEN CALCULATIONS AND DEEM'S COMPOUND DENSITY DATA -3G

Composition 00 served Density Calculated Density
3 3(weight fractions) (10 kg/m ) (10 kg/m ) >

0.2 U0 -0.06 Zr02 6.26 6.402
'

0.32 00 -0.8 Zr02 6.81 6.832

O.5 00 -0.5 Zr02 7.62 7.592

| Low density 6.46 6.83
i 0.32 00 -0.68 Zr022

0.94 00 -0.06 Zr02 9.92 10.042

1

6

.

>

O

e
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.

where
,

compound coefficient of friction (Pa/Pa)F =

'
,

Reynold's number (unitiess).Re =

.

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

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

ZIRCONIUM-URANIUM-0XYGEN COMP 0UNDS INTERFACIAL SURFACE TENSION

(ZUSTEN)

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

.

*

T = 0.45 (G-16)

wnere.

interfacial surface tension (N/m).T =

G-6The value is an engineering estimate and has an expected standard

error of

+1.0
-0.4 *

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

ZIRCONIUM-URANIUM-0XYGEN COMP 0UNDS 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 0F THE ZUFRIC FUNCTION

i

*
FUNCTION ZUFRIC ( RE )

C
C ZUFRIC RE TURNS THE COEFFICIENT OF FRICTION OF -

C FLOWING ZIRCALOY-UR ANIUM-0XYGEN COMPOUNDS
C *

C ZUFRIC = CUTPUT COEFFICIENT OF FRICTION (PA/PA)
h' RE INPUT REYNOLDS NUMBER (UNITLESS)=

C
C ZUFRIC WAS CODED BY D. L. HAGRMAN MARCH 1982
C
C

IF(RE .GT. 7539.42) THEN
ZUFRIC = 0.0791 * (RE**(-0.25))

ELSE
IF(RE .GT. 1 0E-06) THEN

ZUFRIC = 64./RE
tLSE

ZUFRIC = 6.4 E +07
ENDIF

ENDIF
RETURN
END

.

4

L

.

m
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Figure G-7. Coefficient of friction calculated with
the ZUFRIC function.
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TABLE G-21. LISTING OF THE ZUSTEN FUNCTION

*
FUNCTION ZUSTEN(ZUTFMP)

C
C ZUSTcN #ETURNT THE INTFRFACIAL SURFACE TFNSION OF MOLTEN
C Z I R CO N I U M-UD A N IllM-OX Y fl5 N COMPOUNDS ON ZIRCALOY RODS
C -

C ZUSTE N = OUTPUT TNTEREACIAL SURFACE TENSION (N/M)
C
C ZUTEMP INPUT COMPquMD TEMPERATURE (K)=

C
C ZUS IE N WAS CODF0 9Y 0. L. HAGRMAN M ARCH 1982
C

ZUSTEN 0.45=

RETURN
END

.

4

9

.
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of the compound. The expression used to calculate viscosity for temperature
oelow the ' solidus temperature (which is provided by the PSOL function) is

"s = 1.38 exp (4*942 * 10 ) (G-17)
T

.

where

viscosity of solid Zr-U-0 compounds (Pa s).=n s

This correlation is the expression used for solid U0 viscosity in
2

the FVISCO subcode of MATPRO-ll Revision 2. For temperatures above the

liquidus temperature a mole fraction average of the component viscosities
is used

1

"I * IUO "UO Zr0 " Z r0 Zr "Zr (G-18)+ +

2 2 2 2

whr.re.

nj viscosity of liquid Zr-U-0 compounds (Pa s)=
.

nUO viscosity of liquid U02 (Pa*s)=

2

nZr0 viscosity of liquid Zr02 (Pa s)=

7

nZr viscosity of liquid Zr (Pa s).=

nUO
is calculated with the appropriate expression

2
* from the FVISCO sulcode:

*

'9 ( 19}
nU0

" ''

2
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nZr0 "Zr are calculated with correlations recommended by Nazare,"

2-

-0ndraek, and Schulz -I0
,

4 'b.22 x 10 x ( ) (G-20)=n zr0
2

,

-4
: n Zr = 1.90 x 10 exp (6,500) (G-21),

{
i

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

n j (T - T3gj) + n s (Tjjg - T)
n (G-22)=

T. -T11q sol

where

.

solidus temperature (K)T =
3g)

'

T)j liquidus temperature (K)=
q

Viscosity of Zr-U-0 compounds (Pa s).n =

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 U0 *

2

|
! The expected standard error of viscosities is 0.8 of the predicted

value because there are no data in support of the model.
i-

9

e

| 222
|

f



9

TABLE G-22. LISTING OF THE ZUVISC FUNCTION

i

FUNCTION Z UVI SC (U, Z, Z UTEMP )
C
C ZUVISC RETURNS ZIRCONIUM-URANIUM-0XYGEN COMPOUND
C VISCCSITIES,

C
C ZUVISC = OUTPUT COMPOUND VISCOSITY (PA*S)
C
L U INPUT ATOMIC F R AC T I ON URANIUM IN COMPOUND=

C (ATOMS URANIUM /ATOPS IN COMPOUND)
C Z INPUT ATOMIC FRACTION ZIRCONIUM IN COMPOUND=

C (ATOMS ZIRCONIUM / ATOMS IN COMPOUND)
C ZUTEMP COMPOUND TEMPERATURE (K)=

* C
IHE SUBCODES PSOL AND PLIQ ARE CALLED BY THIS FUNCTIONg

C ZUVISC WAS CODED BY D. L. HAGRMAN MARCH 1982.
C

~ ~ ~ '

C
X = 1. - U - Z
IF((b + Z) .LT. (0.5 * X)) THEN

~-00 =U
U = U/(3. * (U + Z))
Z Z/(3. * (UO + Z))=

1. -U- ZX =
WRITE (6,901)
WR I T E ( 6,9 0 2 )
WRITE (t,903) U,Z

ELSE
IF((0.5 * X) .LT. U) THEN

UU = U*
,

U U/(3. *U+ Z)' =

Z Z/(3. * UO + Z)=

1. -U-ZX =

| hRITE(6,904).
I WR11E(6,902)

WRITE (6,903) U,Z,

l ENDIF
i ENDIF

C
901 FORMAT (lHO," COMPOUND OXIDIZED BEYOND METAL DIOXIDE")
902 FORPAT(1HO, ZUVISC HAS REDEFINED TbE CCMPCUND")903 FORMAT (AHC,"MATPRO FUNCTION",E15.5," Z= ",E15.5)"U =

904 FORMAT (AHC," COMPOUND HAS TOO LITTLE OXYGEN TO FORM UO2 FROM U")
C

TLIC PLIO(X,U,Z)=
TSOL = PSCL(X,U,Z)

C
IF(ZUTEMP .LE. TSOL) THEN

~

ZUVISC 1.38 * EXP(4.942E+04/ZUTFMP)=

ELSt
FUO2 = U/(U+Z)
FZO2 = (0.b * X - U)/(U +Z)
FZR 1. - FUO2 - FZO2=

.

.
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TABLE G-22. (continued)

VUO2 = 1.23E-02 - ZUTEMP*2.09E-C6 ~~ '
V402 = 1.22E-04 * 6XP(10500./ZLTEMP)

1 90E-04 * EXP(6500./ZUTEMP)V4R =

VL10 = FUO2*VUO2 + F ZO2* VZO2 + F ZR*VZ R
IF(ZUTEMP .LT. TLIQ) THEN ~

.

VSOL = 1.33 * EXP(4.942E+04/ZUTEMP)
ZUVISC = ( VL IQ * ( ZU TE M P-T SOL ) +VSOL * ( TLI Q-ZUTEMP ) ) /

TSOL)# (TLIQ -

ELSE
VLIQZUVISC =

ENDIF
ENDIF

C
RETURN
END

.

6

|
!

,

l

,

i

!
'

|
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Figure G-8. Viscosity of a compound composed of 0.33 mole
fraction Zr and 0.67 mole fraction UO -2
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HEAT UF SOLUTION OF UO BY ZIRCONIUM-
2

URANIUM-0XYGEN COMP 0UNDS

(ZUSOLN)
I

ZUSOLN returns an estimate of the heat required to liquify 00 1" ^
2

zircaloy-uranium-oxygen compound as a function of the compound composition. ,

The expression used to calculate this heat is

Q = ( *g7 U .5) 2.69 x 105 + I .5Z + 2.5U - 0.5) 2.74 x 10(G-23)
" 5

,

,

where

heat required to dissolve a unit mass of U0 in aQ =
2

zircaloy-uranium-oxygen compound (J/kg)

atomic fraction uranium-in solvent (atoms uranium / atomsU =

solvent)
.

atomic fraction zirconium in solvent (atoms zircenium/ atomsZ =

solvent). ,

Equation (G-23) is an interpolation between the heat of fusion for-
5U0 , 2.74 x 10 J/kg,a and the heat of fusion for U0 minus the

2 2
difference in the heats of formation of Zr0 and U0 given n page 208

2 2

of Reference G-7. The coefficient of the U0 heat of fusion is the ratio2
i of the molecular fraction of U0 to the sum of fractions of U0 and Zrp p

in the solvent (these fractions were derived at the beginning of this
appendix). Thus, when this fraction is one, U0 is being melted in a

2
mixture of UO and Zr0 so the appropriate heat is the energy necessary

2 2

to nelt the U0 *
2

.

Tne coefficient of the first term in Equation (G-23) is the ratio of
the molecular fraction of Zr to the sum of the fractions of U0 and Zr in2 ,

a. This number is taken from the PHYPRP subroutine.

226
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the solvent. When this fraction is Giie, U0 is being dissolved in zir-
2

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 U0 , f 11 wed by
2

removal of the 0 from the uranium and addition of the 0 t a zirconium
2 2

atom. The resultant number is very similar to the heat of fusion of U0 *
2

.

5 5
With the current numbers, 2.69 x 10 and 2.74 x 10 , use of

Equation (G-23) to interpolate is not necessary. However, the large uncer-
5tainty, 3 x 10 , suggests that it is prudent to maintain the equation

until measurements confirm that the actual number for the heat of solution
of U0 by zirconium is near the heat of fusion of UO *

2 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 UO "
2
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TABLE G-23. LISTING OF THE ZUSOLN FUNCTION

i

FLFC T ION ZUbOLN(Zsu) ,

C ZSOLN RETURNS THE HEAT REQUIRED TO LIQUEFY UO2 IN A
C ZIRCALOY-URANIbM-0XYGEN COPPOUND

h ZLSLLb = LLTPLT HEAT Rs0VIRED TO DISOLVE A UNIT MASS -

OF UO2 IN A ZIRCALOY-URANIUM-0XYGEN-COMPOUhD (J/KG){
INFJ1 ATOMIC FR ACTION UR AN1UM IN SOLVENTC U =

C ( ATOMd URANIUM / ATOMS IN SQLVENT)
INFUT ATOMIC FRACTION ZlRCONILM IN -SOLVENTC Z =

L (ATOP 3 Z1RCONIUM/ ATOMS IN SOLVENT)
C
C ZUSULN WAS CODED BY 0. L. HAGkMAN APRIL 1982.
C
C

1. - U - ZX =

Ift(U + Z) .LT. (0.5 * X)) THEN <

LO =
U (3. * (U + Z))b =

Z/(3. * (UU + I))Z =

1. -U-ZX =
W R IT E ( 6s 9 01 )
hv lT E (6,902 )
WRITE (6s903) 0,2

LLSE
IF ( (0. 5 * X) .LT. U) THEN

00 0=

b/ ( 3. * U+ Z)b =
Z/ (3. * UO + Z)2 =

1. -U -Zy = .

WRITE (6,904)
WR IT L ( 6,902 )
WRITE (6,903) Us Z

EN01F
-ENDif

U/(1.5*Z + 2.D*U - 0.5)Fbub2 =

(1 5*Z + 1.5*U - 0.5 /(1 5*Z + 2.5*U - 0 5)
FLkNAT(1H0s"COMPOUNO OXIDIZE]b BEYOND METAL
FBZP =

D10X1DE")901
9 02 FLFP A T (lH0s"M AIPRO FUNC T10N ZUSOLN HAS RLDEFINED THE COMPOUND")

",Elb.5," Z= ",E15.5)903 F UH AT (1HO," U =

904 FLPM AT (1 hgs" COMPOUND HAS TOO LITTLE OXYbEN TO FORM UO2 FROM U")
C

ZUSOLN = FbZR*2.692E405 + FBUO2*2.74E+05
C

EETLRN
END

i
l

.

1

.
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APPENDIX H

SUPPORTING MATERIAL FOR MATPR0

'This appendix describes functions which are not logically part of a
. materia-1s properties package but 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 FUSION

(QFUSON)

QFUSON 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 cata are an indicator specifying which kind of neutron absorber is to
be considered and the composition of the zirconium-uranium-oxygen 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 table have been discussed in conjunction -

with enthalpy subcodes. For Inconel 718, the heat of fusion was estimated
by multiplying the molar heats of fusion of Ni and Cr, the main components

aof Inconel 718, by the atomic fraction o' these elements in the alloy and
dividing 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 UO , Zr0 , and Zr is employed.

2 2

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.
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TABLE H-i. HEATS OF FUSION CALCULATED IN QFUS0N

Heat of Fusion-
Material (J/kg)4

Uranium dioxide 2.74 x 105

Zircaloy 2.25 x 105*

Zircaloy oxide 7.06 x 105

Silver-indium- 9.56 x 104
cadmium /

^
Baron carbide 2.74 x 105

304 stainless 2.5 x 105
steel

Inconel 718 3.2 x 105

5 52.74 x 10 x 0.27 f + 7.06 x 10 x 0.123 fu0 Zr0
2 2Zr-U-0 compound

0.27 f + 0.123 f
UO Zr0

2 2

.

5+ 2.25 x 10 x 0.091 f Zr
* + 0.091 f Zr-

!

I

v

t'

.e

|

|
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l

TABLE H-2. LISTING OF THE QFtJSON SUBROUTINE |
|

|

|
.

SUBROUTINE OFUSON

k 0FUSIUN STOPFS HCATS OF FUSION IN THE COMMON BLOCK HFUSON
C
C FHEFUS OLITPitT 00? HF A T OF FUSION (J/KG) .=

C CHEFUS OUTDl'1 7T9C ALOY HE AT OF FUSION (J/KG)=

C ZOHFUS OUTOUT Z007 HFAT OF FUSION (J/WG)e

C AHEFUS OUTPUT NFUTRON ABSOPBER HEAT OF FUSION ( J /KG)=

C SHFFUS = OUTDt'T 304 STAINLESS STEE( HEAT OF FUSf0N (J/KG)
C HHEFUS e OUTolJT TNCONFL 718 HEAT OF FUSION (J/KG)
C ZUHFUS = OUTollT 7 R-11-0 C OMPOUND HE A T OF FUSION (J /KG)
C
C U T NPitT 4TOMTC C R AC TION UR ANIUM IN COMPOUNO=

C (ATOMS tl0 ANTitM / A TOMS IN COMPOUND)
C Z INPtlT ATOMTC FRACTION ZIRCCNTUP IN COMPOUND=

C (ATnMS 7fPCONTUM/ ATOMS IN COMPOUND)
C ICTYPC INDitT 495099C# MATFRIAL TY'E=

C 1 e SYLVFP-INDIUM-CAOFTUM (.8,.15,.05)
C 7 = 3n#04 CAR 3IDE
C
C QFUSON WAS CnnCo qy n. L. HAGRMAN APRIL 1982.
C
C

COMMON / HFUSDN / 7 p li ,ICTYPE,FHEFUS,CHEFUS,ZOHFUS,
# A4CCilS,SHEFUS,HHEFUS,ZUHFUS

1.X = U- 7-

IF((U + Z) .LT. ( 0. 5 * X)) THEN
US =U
U= U/(3. * (18 + 71)
Z Z/(3. * (lln + 7))= -

1. - 88X = 7-

W1ITF(6,901)
WOITE(6,902)
W7tTF(6,903) 't . Z

.

ELSE
IF((0.5 * X) . L T. II) THEN

00 = ll
U= U/(3. * U+ Z)

Z/(3. * ll0 + Z)Z =
r= 1. - IJ - 7
We!TF(6,904)
WPITE(6,9071
WRITF(6,903) II, 7

ENOIF
ENDIF

C
FUD2 U/(U+Z)=

FZO2 (0.5 * Y- Ill/(U + Z)=

FZP 1. Clin? - F707= -

901 FORMAT (1HO, CPwpq19 9 nYIDITF0 SFYOND METAL nIOYTOF")
902 FDPM4 T(lHO,"e4 A TOR O CilNC TION OFUSON HAS PEDEFINED THE COMPOUNnn)903 F00 P A T ( LHO," tl ".c15.5," 7 ",E15.5)= =

904 F0kMAT(1H0,"c0MPGilNo HAS TOO LITTLE OXYGEN TO F0#M 002 FROM U")

m

% O

234

-. _ _ _ . - -



TABLE H-2. (continued)

.

C
-FHEFUS = 2.74F+05
CHEFUS 2.75r+o5=

10HFUS = 7.06F+05.

IF(ICTYPE .t T . 7) THEN
AHEFUS = 9.56E+04

ELSE
AHEFUS = 2.74F+05

FNDIF
2.5F+05SHEFUS =

HHEFUS = 3.PF+05
ZUHFUS = ( F HF F US* 0. 2 7*F UO 2 + ZOHFUS*0.123*FZO2 +

8 C HEF US *0. 091* F ZP ) / f 0.2 70* FUO2 + 0.123*FZ D2 + 0.091*FZP)
EETURN
END

.
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MASS FRACTION-M0LE FRACTION CONVERSIONS

(PMOLE,PMASS)
.

PMOLE is a subroutine which calculates the 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:

WU
U'236U= (H-I)WU WZ WX

6 276 + U.U9T + D 0T6

WZ

0.091Z= (H-2)WU WZ WX

0.238 * 0.091 * 0.016

X=1-U-Z (H-3)
'

where *

U atomic f raction of uranium in compound (atoms uranium / atoms=

compound)

Z atomic fraction of zirconium in compound (atoms zirconium /=

atoms compound)

atomic-fraction of oxygen in compound (atoms oxygen / atomsX =

compound)

| WU
*

mass fraction of uranium in compound (kg uranium /kg compound)=

WZ mass fraction of zirconium in compound (kg zirconium /kg *=

compound)

i

236

. _ . . . -- . ,
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__

mass fraction of oxygen in compound (kg' oxygen /kg compound).WX =

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

expressions are used:

'

* 0.238U
NU ' O.238U + 0.0912 + 0.016X IN-4)

0.091Z
WZ = 0.2380 + 0.091Z + 0.016X (H-5)

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

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

4

Tables H-3 and H-4 are listings of the PM0LE and PMASS subroutines.
.

REFERENCE

H-1. C. J. Smithells and E. A. Brandes (eds.) Metals Reference Book,
London and Boston: Butterworths (TN671 555 1956).
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TABLE H-3. LISTING OF THE PMOLE' SUBROUTINE

. .

,

9

SOBR001166 PPGLE(htsh2,0,2sX)
C
C FPLLt CLhkERIS lhfL1 PASS FRAC 11Ch5 CF L2ANILM AND
C ZlhC0hluM 1h A I IR C C h 1L'M-U R A h 1 L P-C X Y C E b COPPCUND TC ,
C CCRRESP0hC1hG AICMIC FhACTIchS.
C
C L OL1PUT ATCPIC FFACTICh URAhIUP IN CCMPCUND=

C (A1 CMS LRAh1Lt/ATCMS IN CChPCLhC)
C 2 CL1FUT ATCP.IC FEACTICh ZIRCCNILP IN CCMPOLND=

C (ATCMS ZlRCChlbt / ATCMS 1h CCPPLLNC)
C X C01FUT ATCPIC FFACTICh CXYGEb lb COPPGUNC=

C (AlCMS CXYGEb/AlCPS 16 CCFFCLbC)
C
C mu INPUT MASS FkAC11Ch 0F USANILP IN CCMPOUND=

C (>6 LRAblLP,/>C CCPFCUPD)
C hZ IhPOI PASS FFAC11CN CF ZlRCCPILP IN CCNP00ND=

-C (F6 ZlkCChluP/KG CONPCLhC)
C
C PVOLE hAS CCCED Er D. L. HAGENAh AFRIL 1582.
C

C
'

C
1. - hl - h2hX =

APKC = (ht/0.238) + (h2/C.C91) + ( h X /0.C 16 )
0 mU/(0.23btAF>G)=

Z h Z / ( C .C91* A F F G )=

X = 1. -U- Z
FETURh
EhD

s

.

4

f

4

6
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TABLE H-4. LISTING OF THE PMASS SUBROUTINE

.

|

$LBR0011hl FPAS 5 (L s Zs hls hZs kX)
C
C FPASS CCNVERTS IbFL1 AlCPIC FR ACTIch5 CF UR At ILM Ab0
C 21hCChibM 1h A ZIECChlLP-LRAblLP-LXYGib COPPCLND TC '

'

{ (ChkLSPONClh6 MASS FRACTIChS.
C hl = OL1FUT PAS $ 6FAC11Cb CF LRAFILP lb CCPP0th0
C (80 Lk A h llM / k(- CCPPCUbO)
C bZ CLTPUT PASS ikACTICh CF ZIRLCPILM Ib,CUMPCUND=

l C (KL ZIRCChlLP/KC CCPPCLht) '

'

C hX CLTFUT PASS FGACTICb CF C)YGLb Ih C C P. P CU b C=

C (80 CXYGEN/KC CCFFCLNC)
C
C U lhPb1 AlCPIC FRAClICN UEAhlLM IN CCFFCUNC=

C (A10PS LRAh1LP/ATCP5 IF CLMFCLbC) <

C Z IhPLT AlChlC fEACTICN ZIGCChlLP Ih'CCNPOLND=

C (ATCPS ZIkCChlOP/ATCM5 lb CCFFCONC) s

C
C PPASS hAS CCCED eV 0. L. FAG 6 MAN A F R I L' 1982.
C
C - '

x = 1. - U - Z ''' -

hCFM = L*C.236 + Z*C.C41 +X*C.CIC '

hu = 04C.228/hGFP s
Z80.C51/m6FPhZ '' "=

hX = 1. hL - k2-

6ETURb
Lhc .

' ;'e ,
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