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Abstract High plutonium containing hyperstoichiometric

mixed carbide fuels are used as driver fuel in the Fast

Breeder Test Reactor at Kalpakkam, India. The enthalpy

increment of the mixed carbide fuels were measured in the

temperature range 1000–1800 K using a high temperature

drop calorimeter. The results are presented and compared

with the data available in the literature.
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Introduction

Uranium–plutonium mixed carbides have been success-

fully irradiated up to a burn-up of 159 GWd/t in the Fast

Breeder Test Reactor (FBTR) in Kalpakkam for the first

time in the world. FBTR uses a high plutonium containing

hyperstoichiometric mixed carbides namely, (U0.3Pu0.7)C

(Mark-I) and (U0.45Pu0.55)C (Mark-II) as driver fuels.

Thermodynamic properties of Mark-I and Mark-II fuels are

of importance for understanding and predicting the fuel

behaviour during irradiation. Besides enabling extrapola-

tion of measured thermodynamic data to other temperature

ranges, heat capacity data of the Mark-I and Mark-II fuels

are also required to derive the thermal conductivity from

the measured thermal diffusivity data. In the literature,

thermodynamic data are available only for the conventional

(U0.8Pu0.2)C fuel. Tetenbaum et al. [1] calculated the

thermodynamic properties for (U0.8Pu0.2)C by assuming it

to be an ideal solution of UC and PuC0.88. Fisher and

Leibowitz [2] reported measurement of the enthalpy

increments of (U0.8Pu0.2)C from 1039 to 2421 K with an

induction heated drop calorimeter. Preusser [3] has given

an empirical equation for the heat capacity of (U0.8Pu0.2)C,

based on the hypothetical overpower excursion model data

of Nickerson and Kastenberg [4], Gebhardt et al. [5] and

Hoffmann [6]. As no thermodynamic data are available for

the Mark-I and Mark-II fuel compositions of FBTR, high

temperature drop calorimetric measurements were carried

out to determine the enthalpy increments, in the tempera-

ture ranges 1018-1765 K. Thermodynamic functions such

as heat capacity, entropy and Gibbs energy functions were

computed from the measured enthalpy increments.

Experimental

The mixed carbide samples of Mark-I and Mark-II fuels

used for the enthalpy increment measurements were pre-

pared, characterized [7, 8] and supplied by the Radiomet-

allurgy Division, BARC, Mumbai. The important

specifications of Mark-I and Mark-II fuels for FBTR are

given in Table 1. The enthalpy increments of Mark-I and

Mark-II fuels were determined by using a high temperature

differential calorimeter (Model HT 1500 of M/s. SETA-

RAM, France) which has been enclosed in an argon

atmosphere active glove box system. Besides being ra-

diotoxic the mixed carbide fuel pellets are prone to oxi-

dation and hydrolysis in the presence of oxygen and

moisture as well as highly pyrophoric. Hence for carrying

out the calorimetric measurements on these radioactive

samples, the calorimeter has been attached to a leak tight

glove box with a high purity argon atmosphere. The glove
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box pressure was maintained at a negative pressure of

25 mm WG (Water Gauge) with respect to the ambient and

the moisture and oxygen impurity levels were main-

tained,\10 vpm (volume parts per million) each. The high

temperature drop calorimeter and the argon atmosphere

active glove box system to which the calorimeter is

attached have been described elsewhere [9, 10]. In a typical

experiment at a given temperature, samples and standards,

five each, maintained at the ambient temperature was

dropped, alternatively, into the calorimeter at the high

temperature. a-alumina (SRM 720) supplied by NIST,

USA, was used as the standard. Heat flow was recorded as

a function of time and the peak area associated with each

drop corresponds to the respective enthalpy increment.

Enthalpy increment of sample was obtained from the

measured heat flows for the sample, a-alumina (SRM 720)

and the critically accessed enthalpy increment values [11]

of a-alumina. The detailed experimental procedure adopted

has also been described earlier [9].

Results and discussion

The accuracy of the enthalpy increments from our mea-

surements had been determined to be 2–4% [9]. Enthalpy

increments of Mark-I and Mark-II fuels were measured in

the temperature ranges of 1021–1759 K and 1018–1765 K,

respectively. They were fitted to polynomial functions in

temperature by the least squares method using the fol-

lowing three constraints: (i) HT - H298 = 0 at 298 K; (ii)

the derivative of the function at 298 K is equal to the value

of heat capacity at 298 K (Cp,298) for the Mark-I and Mark-

II fuels (50.87 and 51.26 JK-1 mol-1, respectively) which

were estimated from the assessed values [12] of C0
p;298 for

uranium carbide and plutonium carbide proportional to the

weight fraction present in Mark-I and Mark-II fuels of

FBTR. (iii) dCP/dT at 298 K = 0.044 and 0.047, respec-

tively, for Mark-I and Mark-II fuels. For the estimation of

S298 values, needed for computing entropy and Gibbs

energy functions, the contribution of ideal entropy of

mixing, besides the molar additivity of S0
298 values for

uranium carbide and plutonium carbide proportional to the

weight fraction present in the fuel were taken from the

literature [13, 14]. The fit equations thus obtained for

Mark-I and Mark-II fuels are given below:

Mark-I Fuel

HT � H298

�
Jmol�1 ¼ 44:542 T=Kð Þ þ 10:609

� 10�3 T=Kð Þ2þ31:477

� 10�1 K=Tð Þ � 14223 ð1Þ

Mark-II Fuel

HT � H298

�
Jmol�1 ¼ 45:662 T=Kð Þ þ 9:387

� 10�3 T=Kð Þ2þ35:087

� 10�1 K=Tð Þ � 14449 ð2Þ

The standard errors of the fit are 2.2% and 2.3% and the

estimate of the standard deviations for the fit are 1527 and

1572 J mol-1 for Mark-I and Mark-II fuels, respectively.

The measured enthalpy increments of Mark-I and Mark-II

fuels are given in Tables 2 and 3 along with their fit values.

From the above fit equations, heat capacity, entropy and

Gibbs energy function have been computed which are also

given in the Tables 2 and 3.

Figure 1 shows the present measured values of enthalpy

increments along with the data from the fit for Mark-I and

Mark-II fuels as well as those computed using Neumann–

Table 1 Specifications of

uranium-plutonium mixed

carbide (Mark-I and Mark-II)

fuel

Specification Mark-I Mark-II

Chemical

Plutonium (wt%) 66 ± 1 51.9 ± 1

Plutonium and uranium (wt%) C94 C94

Carbon (wt%) B5.05 B5.05

Americium (wt%) Not specified 0.3 maximum

Oxygen (ppm) B6000 B5000

Oxygen ? Nitrogen (ppm) B7500 B6000

M2C3 (wt%) 5–20 5–15

Tungsten (ppm) B200 B200

Total impurities (ppm) (excluding oxygen,

nitrogen and americium)

B3000 B3000

Physical

Diameter (mm) 4.18 ± 0.04 4.18 ± 0.05

Height (mm) (nominal) 7.00 ± 0.04 7.00 ± 0.04

Density (%TD) 90 ± 1 86 ± 2

Linear Mass (g/cm) 1.67 ± 0.04 1.60 ± 0.04
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Kopp’s rule from the enthalpy data of uranium and pluto-

nium carbides recommended by IAEA [12]. The values

from the fit are within ±3% of the measured values.

Present enthalpy increment data are in agreement within

5% with the values calculated using Neumann-Kopp’s rule

for Mark-I and Mark-II fuel compositions. In Fig. 2, the

present enthalpy increment data for Mark-I and Mark-II

fuels are compared with the literature data [1–3] for

(U0.8Pu0.2)C. It shows, as expected, that the present data

are much higher than the values for (U0.8Pu0.2)C. However,

Table 2 Thermodynamic functions of Mark-I mixed carbide fuel

T (K) HT - H298 (kJ mol-1) T (K) HT - H298

(kJ mol-1)

CP ST -(GT - H298)/T

Measured From fit (J K-1 mol-1)

1021 41.284 42.313 298 0 50.87 78.84 78.84

1073 44.829 45.785 300 0.094 50.91 79.15 78.84

1115 47.588 48.630 400 5.291 53.03 94.09 80.86

1169 51.491 52.344 500 10.700 55.15 106.15 84.75

1219 54.951 55.838 600 16.321 57.27 116.39 89.19

1306 60.718 62.043 700 22.154 59.39 125.38 93.73

1345 63.411 64.877 800 28.200 61.52 133.45 98.20

1382 66.221 67.596 900 34.458 63.64 140.82 102.53

1423 69.243 70.642 1000 40.928 65.76 147.63 106.71

1481 73.988 75.012 1100 47.610 67.88 154.00 110.72

1525 77.152 78.375 1200 54.504 70.00 160.00 114.58

1585 83.045 83.027 1300 61.610 72.13 165.68 118.29

1633 87.746 86.804 1400 68.929 74.25 171.11 121.87

1669 91.732 89.669 1500 76.460 76.37 176.30 125.33

1726 95.587 94.261 1600 84.202 78.49 181.30 128.67

1759 99.073 96.951 1700 92.158 80.61 186.12 131.91

1800 100.325 82.73 190.79 135.05

Table 3 Thermodynamic functions of Mark-II mixed carbide fuel

T (K) HT - H298 (kJ mol-1) T (K) HT - H298

(kJ mol-1)

CP ST -(GT-H298)/T

Measured From fit (J K-1 mol-1)

1018 40.046 41.764 298 0 51.26 77.20 77.20

1063 43.085 44.698 300 0.095 51.30 77.52 77.20

1113 46.726 48.002 400 5.318 53.17 92.53 79.23

1163 49.868 51.354 500 10.729 55.05 104.60 83.14

1199 52.494 53.796 600 16.328 56.98 114.80 87.59

1238 55.448 56.469 700 22.115 58.81 123.72 92.12

1279 57.693 59.310 800 28.089 60.68 131.69 96.58

1321 60.233 62.253 900 34.251 62.56 138.95 100.89

1363 63.711 65.229 1000 40.601 64.44 145.63 105.03

1403 67.216 68.094 1100 47.139 66.32 151.86 109.01

1435 69.476 70.408 1200 53.864 68.19 157.71 112.83

1493 73.721 74.650 1300 60.777 70.07 163.25 116.50

1529 77.388 77.315 1400 67.878 71.95 168.51 120.02

1575 82.056 80.756 1500 75.167 73.83 173.54 123.43

1607 85.370 83.173 1600 82.643 75.70 178.36 126.71

1633 87.211 85.151 1700 90.307 77.58 183.01 129.88

1671 89.486 88.065 1800 98.159 79.46 187.49 132.96

1713 91.861 91.317

1765 96.000 95.389
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at lower temperatures, the enthalpy data of Preusser [3] are

much higher than those of Fischer and Leibowitz [2] as

well as Tetenbaum et al. [1]. Figure 3 shows the present

heat capacity data for Mark-I and Mark-II fuels along with

the heat capacity data computed from the literature data for

the carbides of uranium and plutonium by using the Neu-

mann-Kopp’s rule for Mark-I and Mark-II fuel composi-

tions as well as the heat capacity data from literature [1–3]

for conventional (U0.8Pu0.2)C fuel. As can be seen from the

Fig. 3, the present heat capacity data are lower than the

values computed using Neumann–Kopp’s rule. The devi-

ations are about 5% at 1500 K and are increasing with

increase in temperature.

Summary

The present study provides the first experimental enthalpy

increment data for high plutonium content hyperstoichio-

metric mixed carbide fuels using a high temperature drop

calorimeter.
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