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FOREWORD

This report describes models for fuel specific heat and fuel enthalpy.
The report will be part of an update to the Materials Properties Handbook
which will be published simultaneously with an update of the MATPRO
package to include the fuel enthalpy subcode.

The format and numbering scheme used in this report are consistent
with its intended use as an update to the MATPRO handbook. Readers who
require descriptions of the rest of the material properties package or
of the use of this package should consult the code descriptionsa'b'c
which are published as part of the fuel rod behavior modeling task
performed at the Idaho National Engineering Laboratory (INEL).

¢ . L. Hagrman, G. A. Reymann, and R. E. Mason, MATPRO-Version 11
Revision 1: A Kandbook of Materials Properties for Use in the Analysis
of Light Water Reactor Fuel Rod Behavior, NUREG/CR-0497, "REE-1280,

Rev 1 (Februar_‘ 1980).

b 5. A. Berna et al, FRAPCON-1: A Code for the Steady-State Analysis of
Oxide Fuel Rods, CDAP-TR-78-032-R1, (November 1978).

o

L. J. Siefken et al, FRAP-T5: A Computer Code for the Transient
Analysis of Oxide Fuel Rods, NUﬁEE/CE-UﬁEﬁ, TREE-1281, (June 1979).
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1. FUEL SPECIFIC HEAT CAPACITY (FCP) AND

FUEL ENTHALPY (FENTHL)

(C. A. Reymann)

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

1.1 Summary

The specific heat capacity and the enthalpy of nuclear fuel are
modeled empirically as functions of four parameters: temperature, compo-
>ition, molten fraction, and oxygen to metal ratio. Since d02 and Pqu
are the principal LWR fuels, these are the constituents considered. The
correlations for fuel specific heat and enthalpy are valid for tempera-
tures from 300 K to more than 4000 K,

The equations for the specific heat and enthalpy of solid UO2 and
Pqu are assumed to have the same form, but with different constants.
The basic equa.ions are

K% exp (3/T) Rt A
FCP = > s+ KZT + gy S exp (-ED/RT) (A-1
T [exp(3/T)-1] RT"
and
;8 szZ !
FENTHL = W + . ap + 5 K3 exp (-ED/RT) (A-1,
where
FCP = specific heat capacity (J/kg*K)

FENTHL = fuel enthalpy (J/kg)

Jda)

1b)



T = temperature (k)

Y = oxygen to metal ratio
R = 8.3143 (J/mol-K)
= = the Einstein teriperature (K)

and the constants are given in Table A-1.1.

TABLE A-1.1

CONSTANTS USED IN THE U02 AND PuO2 HEAT
CAPACITY AND ENTHALPY CORRELATIONS

Constant ue, Epgz Units

K, 296.7 347.4 3/kg-K
K 2.43 x 107 3.95 x 1074 3/kg-K°
s 8.745 x 10’ 3.860 x 107 J/kg

6 535,285 571.000 K

£ 1.577 x 10° 1.967 x 10° J/mel

The specific heat capacities of both UO2 and Pqu in the liquid state
are given by

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

For a mixture cf UO2 and Puoz. the specific heat capacity of the solid is
determined by combining the contribution from each constituent in propor-
tion to its weight fraction. When the material is partially molten, the
heat capacity is determined similarly with a weighted sum. The standard
error of the UOZ specific heat capacity correlation is + 3 J/kg-K, and for
the mixed cxide specific heat capacity correlation it is 6 to 10 J/kg-K,
depending on the fraction of Pu02. For nonstoichiometric fuels, these
uncertainties are approximately doubled.



Inspection of Equations (A-1.1a) and (A-1.1b) shows that the fuel
enthalpy correlation is simply the integral of the fuel specific heat cor-
relation from zero kelvin to T kelvin. Because the specific heat
correlation is only valid above a fuel temperature of about 300 K, the
fuel enthalpy correlation is also ..ot valid below a temperature of about
300 K. Therefore, it is necessary to calculate fuel enthalpy with
respect to a reference temperature greater than or equal to 300 K. Thus,
the fuel enthalpy at any desired temperature, T, is calcula by
evaluating Equation (A-1.1b) at T and at any desired reference tempera-
ture, TREF' and taking the difference FENTHL(T) - FENTHL(TREF). For
temperatures greater than 2 Kelvin beiow melting, the molten fraction and
heat of fusion are used to interpolate between the en*halpy of unmelted
fuel and just melted fuel at the melting temperature.

Section 1.2 is a review of the surveyed literature. The model develop-
ment is presented in Section 1.3. Model predictions are compared with data
in Section 1.4. An uncertainty analysis is given in Section 1.5. The
FORTRAN subcode listings are in Section 1.6, and the references are given
in Section 1.7. A bibliography is given in Section 1.3.

1.2 Review of Literature

An important source for the fuel specific heat capacity in this report
is the extensive review by Kerrisk and C]iftonA']']. Additional data from
hruger 2nd SavageA']’2 are used to find the parameters for PuO2 in
Equation (A-1.1a). The heat capacity of 1iquid fuel is taken from

Leibowitz et alA']‘3.

1.2.1 Limitations of the Data Source. The data used by Kerrisk and
Clifton cover a wide range of temperatures (483 to 3107 K), but these data
are restricted to nearly stoichiometric material (oxygen to metal ratio
between about 2.00 and 2.015). The data of Krucer and Savage are limited
in that the highest temperature was only 14C7 &, -iich is well below the
melting point of about 2600 K for Pu02. Their da.a are also restricted
to approximately stoichiometric Pqu. The oxygen to metai ratio has been

shown to be significant by Gronvold et aia']'4 and by Affortit and Mar-
A-1.5
con .




The specific heat capacity of liquid fuel taken from Leibowitz et
al is spplicable to UG2 only. The assumption is made here that the
liquid UO2 value is also valid for liquid Pu02. Although departures
from stoichiometry were fourd to be significant for solid fuel, no
experimental effort has been made to assess the importance of this
parameter in the liquid state.

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

1.3 Development of the Model

The mos. commin technique of determining specific heat capacity is to
measure the enthalpy of a sample by drop calorimetry and deduce the heat
capacity by finding the rate of enthalpy change with temperature. Gen-
erally, the enthalpy data are fitted with an empirical function, often a
s;imple polynomial equation. While the accuracy of this approach is
good, a function based on first principles is preferable because it
would allow identification of the physical processes involved and could
be extrapolated beyond its temperature base with some degree of confi-
dence. This was the approach used by Kerrisk and Clifton and adopted
here.

1.2,7 Specific Heat Capacity of a Typical Solid. The lattice
specific heat capacity of solids at constant volume can be characterized

theoretically quite well using the Debye model of specific heat. Except
at low temperatures, a similar but simpler theory developed earlier by
Einstein is also adequate. These theories are described in most basic

solid state textbooks such as KittelA']'e. The Einstein formulation is
used here because of its simplicity. Tnis formulation is
K, 52 exp (8/T)
C = (A=1.3)

¥ %2 [exp(s/T) - 1]2



where
c = gpecific heat capacity (J/kg-K)
K, = @ constant to be determined (J/kg-K).

Equation (A-1.3) gives the specific heat capacity at constant volume.
In most reactor situations, the specific heat capacity at constant pressure,

. A-1.7
C . is more appropriate. The relationship between the two is
p|
2 ;
a Y (A-1.4)
cp = CV - 3 T
where
a = the coefficient of thermal expansion (K'])
g = the coefficient of compressibility (Pa'])
V = the molar volume (m3).
2
The temperature dependence of the factor = %V in Equation (A-1.4) is

complicated. The compressibility of a liquid or a solid is nearly constant
with temperature, but the molar volume and the coefficient of thermal expan-
sion change with temperature. However, expressing the quantity (Cp-Cv)
as a function of a constant times temperature yields results which are

within the scatter of the data. Therefore, Cp f: expressed as

p yt &1 (A-1.5)

where Cv is given by Equation (A-1.3) and K2 is a constant to be determined
by comparison with data.

1.3.2 Defect Energy Contribution to the Specific Heat Capacity. Above
temperatures of about 1500 K, the specific heat capacity data show a
rapid increase not described by Equation (A-1.5). This increase is

generally attributed to the energy necessary to form Frenkel defects”™1+7"

A<1.8, A-1.9  cone investigator<™1+%» A<1-8 Lave suggested that

Schottky defects may also contribute to this rapid increase. However, the



assumption made here is that the rapid increase in specific heat capacity
above 1500 K is due to formation of Frenkel defects. The functional form
of the extra term which should be added to Equation(A-1.5) may be found
from the defect energy contribution to the enthalpy given byA°]'6

Hy = Ky exp (-Ep/RT) (A-1.6)
where

Hy = defect energy contribution to enthalpy (J)

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

Ky = constant to be determined (J).

R and T were previously defined in Equation (A-1.1). To determine the
. defect contribution .2 the spe ific heat capacity, the derivative of HD
with respect to temperature, CD’ is used. CD is given by

& = KEp
—3
RT

exp (-ED/RT). (A-1.7)

Combining Equations (A-1.3), (A-1.5), and (A-1.7) gives the general expres-
sion for specific heat capacity

: K]GZ exp (8/T) T Kafp (-E../RT) (A-1.8)
s + + = exp (- /RT). s
P tPlexp (o/T) - 17° - o .

1.3.3 Determination of the Constants in the Model. For U0,, the
values of the five constants K], KZ’ K3, &, and ED are taken fro; Kerrisk
and Clifton. For PuOZ, the constarnts are determined by fitting the data
of Kruger and Savagye. In both cases, the fuel was nearly stoichiometric.

Data sources for pure Pqu are scarce. One potential source is the work
of Affortit and Marcon. However, they give only correlations fit to data
and not the actual data. Also they do not present an uncertainty analysis.



Without knowing tie number or accura f the data on which their correla-
tions are based, it is not possible to estimate what weight to give to
their results. Therefore, their correlations were not used to determine
the constants of Equation (A-1.8). However, their work was useful for

the assessment of the effects of departure from stoichiometry.

It should be noted that the constants determined for Equation (A-1.8)
are only valid above fuel temperatures of about 300 K. Data below 300 K
were not used to determine the constants of Table A-1.I and the Einstein
formulation assumes temperatures above the Einstein temperature, &.

1.3.4 Effect of Honstoichiometry. Several investigators have found
the oxygen to metal ratio of fuel to influence the specific heat
capacityA']']’ A-1.5, A-1.8, A']']O. At temperatures above 1300 K, de-
partures from stoichiometry typical of those found in LWR fuel have
caused changes in the specific heat capacity greater than the data scatter.
The most complete analysis of this effect has been done by Affortit and
Marcon. Even though their results are quantitatively different from
the sources used to develop this model, they illustrate well the quali-
tative aspects of this effect. Therefore, Figures A-1.1 and A-1.2, made from
their correlations, are presented. Figure A-1.1 is for UO2 and Figure
A-1.2 is for mixed oxide fuels. These figures show that the specific heat
capacity increases as the oxygen to metal ratio becomes larger than 2.

Very hyperstoichiometric materials, such as U409 and U308)Lnaif T
specific heat capacities considerably larger than that of UO2 £ i
In addition, thesc materials exhibit peaks in specific heat capacity at
temperatures which are associated with phase transitions. However, the
incidence of these states in light water reactor fuel is infrequent,
and their influence is neglected in this model.

In reactor fuel, nonstoichiometry is believed to be due to oxygen
interstitials for hyperstoichiometric fuel, and oxygen vacancies for
hypostoichiometric fuelA']‘s. Excess oxygen tends to increase and an
oxygen deficiency to decrease, the probability of formation of Frenkel

and Schottky defects, thereby changing the specific heat capacity. Thus
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the logical adjustment to Equation (A-1.8) to account for the oxygen
to metal ratio effect is in its last term, which includes the effect
of defect formation. By multiplying the term by the oxygen to metal
ratio divided by 2.0, the following desirable features are produced:

(1) The correlation is unaffected for stoichiometric fuel.
(2) The proper temperature dependence is obtained.

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

Trerefore, this correction has been made to Equation (A-1.8) giving
Fouation (A-1.1a). This is the model used for the specific heat capacity
of solid UO, and Pu,.

1f the fuel consists of a mixed oxide (MOZ) with a weight fraction
of PuO2 equal to FCOMP, then the specific heat capacity of the mixed
oxide fuel is calculatea by the expression

= FCP 1 - FCOMP) + FCP * FCOMP, (A-1.9)

FCuo, uo, ( PO,

1f the fuel temperature is greater than the fuel melting temperature,
FTMELT, plus the liquid-solid coexistence temperature, then the fuel
specific heat capacity is not calculated using Equation (A-1.1a) but

set equal to tb “ific heat of liquid fuel, 503 J/kg-K for both UO2
and PuO2 fuel. If tne fuel temperature is equal to the fuel melting
temperature, TMELT, then the specific heat capacity is calculated by the

expression

FCP = (1.0 - R) FCP (T - TMELT) + R * FCPMOL (A-1.10)

10



where

=
"

fraction of fuel which is molten

FCPMOL

specific heat capacity of liquid fuel

503 J/kg-¥

Fuel enthalpy, FENTHL, for solid fuel is found by integrating Equation
(A-1.1a) with respect to temperature over the interval zero kelvin to T
kelvin. The result of the integration is the expression

K]B K2T2

Y
FENTHL ST + - i K3 exp (-ED/RT) (A-1.11)

Figure A-1.3 shows the enthalpy of UO2 versus temperature calculated using
Equation (A-1.11).

If the fuel consists of a mixed oxide with a weight fraction of
PuO2 equal to FCOMP, then the enthalpy of the mixed oxide fuel is cal-
culated by the expression

FENTHLM02 = FENTHLU02 (1 - FCOMP) + FENTHLPUOZ* FCOMP. (A-1.12)

If the fuel temperature is equal to the fuel melting temperature, FTMELT,
then the fuel enthalpy is calculated by the expression

FENTHL = FENTHL (T = FTMELT) + FHEFUS * FACMOT (A-1.13)
where

FHEFUS

heat of fusion of the fuel (J/kg)

FACMOT

"

fraction of the fuel which is molten {(unitless).

11
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If the fuel temperature, FTEMPT, is greater than the fuel melting tempera-
ture, then the fuel enthalpy is calcuiated by the expression

FENTHL = FENTHL (T = FTMELT) + FHEFUS
+ (FTEMP - FTMELT) * FCPMOL (A-1.14)
where
FCPMOL = specific heat capacity of molten fuel (J/kg-K).

1.4 Comzarisons of the Model with Data

Figure A-1.4 shows the specific heat ca%?ﬁisy correlation., FCP,

, A-1.12, A-1.13

for UO, compared with data from three sources These

data were taken from sto.chiometric U02. At the high end of the tempera-
ture interval, a few hunued kelvin below the melting temperature, the
data fall below the model calculations. This is probably the result of
partial melting due to a nonuniform temperature distribution within the
sample. In such a case, the measured specific heat capacity would be
smaller because in a liquid the specific heat capacity is considerably
lower than in a solid. A similar comparison is shown in Figure A-1.5 for
Pqu. In this instance, the correlation is compared with its own data
base. This was necessary due to the lack of a broad data base for PuO2
fuel. A better test of the accuracy of the model is found by comparing
its predictions with mixed oxide datat1-9» A-1.10, A-].]A’ as is done

in Figure A-1.6. None of the data shown in this figure were used in the
development of the model. The anreement is relatively good except for

the low values reported by Affortit and Marcon. Other experimentersA']‘3’
A-1.10 have pointed out that the results of Affortit and Marcon are
generally low when compared with their data and have excluded the Affortit
and Marcon measurements from their datz base. MNo one has proposed an

adequate explanation for tn2 discrepency. On the other hand, at least
one investigatorA']'9 has given considerable weight to the work done

by Affortit and Marcon. Herein, the Affortit and Marcon results are used
only in the analysis of the effect of departure from stoichiometry on the
specific heat capacity.

13
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1.5 Uncertainty of the Model

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

1 & 1 Uncertainty in gge Model. Kerrisk and Clifton report an
accuracy of + 3% for their correlation over the temperature range 300
to 3000 K, with an approximately uniform distribution relative to tempera-
ture. When the calculations of the correlation are compared with the data
of Groenveld et al for stoichiometric oxide, the agreement is even better,
having a standard error of only 2.0 J/kg-K. This is a good test of the
model since these data were not used to develop the correlation. The
paper by Affortit and Marcon gives correlations fit to their data.
Abritrarily taking 200 K intervals over their temperature range from 600
to 3000 K and using their correlaticns, the standard error is 46 J/ka-K.
Affortit and Marcon's predictions are smaller at all temperatures and
the residuals increase with temperature.

1.5.2 Uncertainty in the Mixed Oxide Model. Because of the limited
number of data for Pqu, the accuracy of the correlation for mixed oxide
fuel was used as a test for this correlation. Data were taken from
Leibowitz et a1A'1']4, Gibby et a1A']‘]0, and Affortit and Marcon. The
model presented in this paper, using a weighted sum of the UO2 and PuO2
results, calculates specific heat capacities that are slightly larger than
all but two of the 55 data reported by Gibby and Leibowitz. At the
highest and lowest applicable temperatures (3000 K and 300 K) the dif-
ferences are negligible, less than 1.0 J’kg-K. At intermediate
temperatures aroung 1600 K the residuals are about 10.0 J/kg-K, falling
off smoothly from this temperature. The standard error of the model re-
lative to these three data sets is 5.6 J/kg-K. This is equivalent to
a maximum percentage error of less than 2.5%. Since these residuals

are smaller than the scatter in the data, the model represents these
data sets adequately. When the model is compared with that of Affortit

17



and Marcon, again taking 200 K stegs from 1600 K to melting, the standard
error is 46 J/kg*K. Affort t and Marcon always have the smaller value
and the residuals increase with increasing temperature. as with the U02
results. Because of the lack of actual data, the results of Affortit
and Marcon are not included in the standard error estimate.

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

A listing of the FCP subcode is given in Table A-1.II and the FENTHI
subcode in Table A-1.III. The function EMFCP is the evaluation model frel
specific heat (which is not part of the best estimate materials properties
package) and the subroutine DIALOT is part of the uncertainty analysis
package.

18



POOR ORUGINAL

TABLE A-1.1I

LISTING OF THE FCP SUBCCDE

) FUNCTTIN EfD (FTTMO,ZACMITFIT“TL,FRADEN)
C *THE FUNCTITN F2P TS JSED TN CALCULATE THE SOECIFIC HEAT CAPACTTY
E IF U02s PUN2, AN 1)y 9U)02 FUELS AS FUNCTION OF TEMPERATURS,
FRACTION 3F FUSL 44174 IS MOLTEN, PUJ2 CONTENTs AND MYYGEIN=T=-
g METAL SATIN.
g FCP = NUTOUT EUSL SPECIFIC MEAT CAPACTTY (J/(KG*K))
c ETZMP 3 INOUT E11Z] “ecSuAOINT TEMPZRATLRS ()
C FACMOT = INOYT FYEL “2ACTION MIOLTEN (UNITLESS)
C EACMAT = 1,0 - FUEL IS ALL MOLTEN
C FATCMAT s 7,0 - FUEL IS ALL SOLID
o EATMTL = IN2UHT AXYSSY TO METAL RATIO tINITLESS)
¢ ENTUTL s (ATOMS OXYGEN)/ZC(ATOMS METAL) IF NIAT KMNIWNy
& SNTER 2.9
¢ FRADEN = INOUT F£YEL IENSITY (RATIOD AOF ACTUal L:NSITY
Q Ia iuc_n);rv-u_ gm;rv;
C JFCP = ESTIMATED STANDARD ERRMR FOR UD2 (J/7IXKC*X))
g NOT A123SNTLY RETUINED)
PUFCP = ESTIMATEND STANDARD CGR&NR FNOR PUJ2 1J7(KG*K))
(o (NOT "‘IQQ:\.ILLY DETL\Q‘:;D[
.
¢ THE EQUATIONS USEN T4 THIS FUNCTION AE_3ASED 1IN DATA FRO43
C (1) Jo%EP2TSK ANN VY CLIFTONs NUCLEAR TECHNCOLOGY 156 (1972),
r {2) D KRUAGER AND A CSAYAGE, JOURNAL JE _CHEMICAL 2HYSICS,AS
E (1362),
¢ THE EFFECT NF AXVGEN-TI-METAL RATIO WAS ESTIMATED FROM
£ SOUATIONS 95R1LISHEDN 3Y 2
& (3) CJAFFIRTIT ANND J JMARCON, REVUE INTZANATIONALE DES HAUTES
C T=MPERATIYRSS =T DES RZFRACTAIRES,7 (1973).
C T%E SPECIFIC H=AT Cg’ACITY O0F MOLTEN JN2 WAS TAXEN FRNM
L ) L.LEIROWITY =T AL, JOUANAL OF NUCLEAR MATERIALSS3ICS (1370}
¢
C FZO WwAS ORIGINALLY CYNED BY VeF.BASTON IN MARCHY 1974,
g LAST ﬂJDIFY‘D Y GeAdREYMANN IN MAY 1972,
4
COMMON 7 dYYPRY /7 FTMELTFHEFUS)CTMELT»CHEFUSH»CTRANA,
e CTOANE S CTRANZHFOISLTA,BU»COMP,NELOXY
£ THE PHYYOR(QD £CAVMAN 3LICK IS SET Ay CALL T3 THE SU3RAUTINE
¢ PHYPRD WHTICH IS O9ART OF THE MATERIALS PRIOPEQITIES PACKAGSE
C USED AT THE TNEL,
c QUANTITIES COMTAINED SN IT USED IN TWiS SU3CO0E A0cy
¢ FTMELT = FUSL VELTING TEMPERATOE (K)
C FOSLTA = LINUIN=SOLID COEYISTENCE TEMPERATURE (K)
C COMP 2 912 AANTENT (WT,.2%)
Q 4 N \ ' . ~ _“;___—-
C INEL CNNE, VALUS FOR FTI¥ZLTy FDELTA, AND ”1" MUST 3¢
E INPUT,
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TABLE A-1.11 (Contd.)

C LICENSING ASSISTANCS ~944nN 3L0CK.,
___.:______ \ N = \LINC
N COMMON JLACMNL/ “AXTAX  EMFLAG(Z1)
JATA ON 7 240N /s
3 NEe ! AHAFE La
- 3 (NeTox /7 3 /
DATA C1U »C210 403U oTHU »EDU / 295.7 » 2.43E=02, 2,745E07,
ki K3 _2Aa85, 1 _E27EAS ¢
DATA C1lPUpC2PUpCaP)yTUPU,EDPU/ 347¢% » 3s95E=04y 34860FC7,
B 57140 5 1,967€05 /
CPLCl1aL2,C3,.71 €
i ClE(THRE2 ) *e > I TH/T)/((T%2 ) ((EXP(TH/T)=1,)%%2)) ¢ CoaT
g B ¢ (FOTMTL/2, )% (C3%50/(R,314%(T&%2))) €EXO(=ED/(R,314%T))
IE (EMELAGLLACIONY ,E3 . QON)
¥ FCO s CMFCO(FTEMP,FACMIT,) FTMELT,FRADEN)
. IF (EMFLAG(LICTINY) ,=2, ON) GO
I ——a FTEMP
) = FACMNT
T™ = FTMELT
FCOM? = COMD /190,90
ECOMAOL 2 801, 0
E FCPMCL = SPECTFIC 4SAT CAPACITY OF MOLTEN FUEL (J/Z(KG*X))
IF (T .GT, (TMsENELTA)) GO TO 50
FCP = CPUCIU 02 »C3U ,THU »EDYU »TH»FOTMTL)®(1,06 = FCINP) +
- B CoUE191,639), E3PU, THPUSEDPUS TS FATMTL ) #FCONP
ITE (I AIT- LIMAJLI t‘."l J"Ll‘u
FCP 3 (140 = AV#E~0 4 REFCPMAL
30 10 100
83 _EC2 s ELPMLL

'JFCP b4 2.0
PUECP = 5.4

slesDLALA, RS T Ly

CP+FDTALA)SFOIALN
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TABLE A-1.11I -

LISTING OF THE FENTHL SUBCULE

FUNCTTIIN FSNTHL (T=40 yFCOM? s FITMTL s ETMELT  SFAZMOT
o 2F4=EYS )
; IMPLICIT REAL #® 3 (A=4,0=2)
ﬁ ‘#‘.G!Ot‘tttttttttttttt.ihat‘ttt‘tl‘#tt‘t'X‘)‘!'QQOOCQ't'!“t'!‘t!f_ﬂtt
E ;s FUNGTION IS 'iLL 8Y SUBRIUTINE eu:ncv Avw COYPUTES THE
¢ ENTAALIY OF SUEL AT ocznr RELATIVE T3 Ze2pn REES AYSALUTE
.ﬁr_____x;wvaaaruac
C “lttt‘tt"t.tttttititﬁt..“tt‘tt‘ttt‘t‘t#t?ttt‘t““#‘tttttt#*tttﬁtct
C INPUT ASGUMENTS
__Q 00'.tltt.tttttttitttttiiﬁ"COO!.‘.“““‘O#O‘CO!.‘Qttttt!ttttctttth____
¢ FACMAT = ERAFTIAN 1F 47 LTEN FUEL
¢ FCJ*? - PUN2 FRACTTW AF THF FUZSL
" F4FEIS = AEALL EHSSTIAN OFf INE ELEL ta2KC)
- FOT4TL = FUEIL CXYAEM TN METAL RATIC
¢ FIMELT = FUEL MELTING TEMPERATURE (K)
E TEMP = LORAL TEMOFRATURE ()
E LR B ;tttttt‘ tt#tiht"!;0;:#;####'#‘t#.‘ttt#tt‘ttt#‘ttt#t‘t#tttt‘tt
yrtoy
C ‘000tt‘t‘#ttt‘tt..tt'tct‘t“‘##“"'#.“tt'tt"‘ttt‘tttOtt‘tt#ttttttt
“t’ FENTHL = LOCAL FUSL SNTAHALPY RELATIVE TO 7220 DEGREES=K (J/K0)
E #tt#'tOt#tttttt‘ttt*tttt’tttt“tl‘t‘t#t‘t.‘##’tt#‘tt‘#t.l.'..‘tt“"'
£ i
¢ FENTHL W4AS - TNALLY F0DED BY GeAs REANA IN NGVEM%FQ 1973
¢ IT wAS UPDAT: 3v L,),  SIEFKEN IN DECE9RER 1979
¢ FURTHER UPDJATED 3Y G,4, REYMANN IN FE3IQUARY 1333
‘;‘ FCOMOL = SPECIFIC HEAT CAPACITY OF MOLTEN FUEL ( J/(<5%K) )
; DATA FECoMOL / 523.€9 7 .
”; THE FOLLOWING DATA STATEMENTS CONTAIN CONSTANTS FRNOM MATORI=11 FC2
' DATA  C1lU, £2Y, C3Y, THY, EOU / 29507 0 2043E=02, 3.745807,
8 235, 1.52FECE ¢4 L)
DATA C1PUpC2PUst30U,THAU,EDPY / 347. » 3.955=.4y 3,36(E27,
. B 571, sy 1.967eA% 4
— T4E EILLIWING EINATTIIN IS TYE INMTEGRAL OF THE EUEL $SPECIEIL ueAl
E WITH4 RS3PECT TO TEMPZ2A TURE
CONTICL)TH 2, 0T, EN,T,(C3) =
PR I%&la_z.J-_7—_4+?_-1_4£12L14LLlal.il__”__
] 2 e
2 s &5 ¢ arm v ExBit2y ser o 54314EC) 1/2.55
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TABLE A-1.11

I (Contd.)

T(=TEMD
JE(TXAGT.FTMELT)TX=CTHELT

'FtNTHL = CPAT(CLY

Te 250 IFE

» THU

» TX C3U
L

»C201 T

IFC FCIO¥P ,G Y
¥ 0

IF( TE" .LE. F"ELT - ZQEC

) G7 10 18
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