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A measurement of the density and compressibility of (U,PuJ-mixed 

oxide at 3432 kJfkg (7356 KJ 

Abstract 

In a transient in-pile heating test the density of liquid (U,Pu)-mixed oxide at 

3432_±_103 kJ/kg was measured tobe 5027 _±132 kg/m3. The corresponding 

temperature is estimated to 7356_±212 K. The isothermal compressibility ofthe 

mixedoxidewas evaluated to 2.85(_±1.65)·10-4/MPa at the same temperature. 

Basedonthese new data and previously existing measurements, new relations 

are proposed for the following properties ofliquid UOz and (U,Pu)Ü:!., as weil: 

density- enthalpy, density- temperature, thermal expansion- temperature, and 

isothermal compressibility temperature. 

Messung der Dichte und Kompressibilität von (U,Pu)-1\lischoxid bei 

3432 kJ/kg (7356 K) 

Zusammenfassung 

In einem transienten in-pile Test, wurde die Dichte von flüssigem (U ,Pu)

Mischoxid bei 3432_±103 kJ/kg zu 5027 _±132 kg/m3 gemessen. Die entspre

chende Temperatur wurde auf7356_±212 K abgeschätzt. Die isotherme Kom

pressibilität von Mischoxid wurde zu 2.85( 1.65)·10-4/MPa bei derselben 

Temperatur gemessen. 

Basierend auf diesen neuen Daten und bisher bestehenden Messungen, wurden 

neue Re.lationen für die folgenden Eigenschaften von flüssigem U02 als auch 

(U,Pu)Üz vorgeschlagen: Dichte Enthalpie, Dichte- Temperatur, thermische 

Ausdehnung- Temperatur, und isotherme Kompressibilität- Temperatur. 
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1. INTRODUCTION 

Thermophysical properties of liquid (U ,Pu)-mixed oxides are of interest for 

LMFBR accident analysis and for reactor safety related experiments which 

explore liquid fuel behaviour. This paper presents the firstexperimental results 

for the density and compressibility ofliquid uranium-plutonium mixed oxide. 

2. MEASUREMENT PRINCIPLE 

Thein-piletest described here belonged to the Effective-Equation-of-State 

(EEOS) series which was performed in the Annular Core Research Reactor 

(ACRR) at Sandia N at. Labaratori es /1/. The experimentwas primarily designed 

to measure the saturation vapor pressure of(U,Pu)-mixed oxide. 

The powdered test fuel was enclosed in a constant test volume one side ofwhich 

was coupled to a pressure transducer (Fig. 1). The test fuel was then fission 

heated during an ACRR power excursion (7 ms FWHM) from 290 K to araund 

8000 K. During this temperature excursion the pressure transducer continuously 

monitared theincreasing saturation vapor pressure in the test volume. Fig. 2 

shows the measured pressure signal for experiment EEOS-09. 

Araund .311 seconds a very rapid pressure excursion occurred. It is believed that 

at this moment the expanding liquid fuel had completely filled the free space in 

the test volume. The still on-going heating ofthe liquid fuel then generated a 

large liquid phase pressure wi th a very fast rise time. 

At the onset of this pressure excursion the liquid fuel densi ty was equal to the 

liquid fuel mass divided by the test volume. The corresponding fuel enthalpy was 

evaluated as described in Section 3.3. 

The rise rate of the single phase pressure contains information about the fuel 

compressibility. 
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3. DATA BASIS 

3.1 Test Fuel 

The detailed composition ofthe (U,Pu)-mixed oxide sample is given in Table I. 

Table I: Specifications ofuranium-plutonium mixed oxide test fuel 

Metal Isotope/(U +Pu): Impurity contents: 

U-235 .15 atom% Mg < 3 ppm 
U-"238 76.83 atom% Si 25 ppm 
Pu-239 20.01 atom% V < 5 ppm 
Pu-240 2.66 atom% Fe 95 ppm 
Pu-241 .27 atom% Cu 25 ppm 
Pu-242 .08 atom% Zn <10 ppm 

Sr < 5 ppm 
Mo <10 ppm 

0/(U +Pu) 2.09 Bi < 1 ppm 
Pu/(U +Pu) 23.02 atom% H20 370 ppm 

c 170 ppm 
Cl 5 ppm 
F < 5 ppm 
p 6 ppm 
s 770 ppm 
N 5 ppm 

3.2 Pressure Signal 

Fig. 2 depicts the pressure signal measured in test EEOS-09. The initially falling 

pressure is due to a radiation noise contribution. This noise signalwas measured 

in aseparate test without fuel and then substracted out ofthe data shown in Fig. 

2. 

Between about .3080 and .3103 seconds the pressure rose in the exponential 

manner typical for saturation vapor pressures. However, at the 20 and 25 MPa 

level two events caused negative deviations from the expected pressure signal. 

These events were probably extrusion ofliquid fuel into the gap between crucible 

and piston (at 20 MPa) and a temporary freezing and binding of these parts (at 25 

MPa). There is no direct proof for this hypothesis bu t similar pressure signals 

could be observed and correlated with fuelloss in earlier tests. 
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At .3112 seconds a very rapid pressure excursion freed the partially bounded 

transducer and drove it into saturation. This event is interpreted in the following 

discussion as a singlephaseliquid pressure excursion. It was caused by complete 

filling of the available void space with liquid fuel and further heating of this 

"hard" system. Failure of the transducer membrane did not occur because the 

signal recovered at later times from the saturation and returned close to zero. 

Also the post-test examination showed no sign ofrupture or mechanical defor

mation. For these reasons there is no other mechanism than singlephaseliquid 

pressuresvisible which could generate such rapid and large pressure signals. 

The measured time-pressure data points of this single phase pressure excursion 

are listed in columns 1 and 2 ofTable II. 

Table TI: Data for singlephaseliquid pressure excursion in experiment EEOS-09 

time 
(s) 

.31105 

.31110 

.31115 

.31120 

.31125 

.31130 

.31135 

.31140 

pressure 
(MPa) 

29.53 
29.85 
30.20 
30.55 
44.70 
58.99 
58.99 
58.99 

fuel 
enthalphy 
(kJ/kg) 

3353.6 
3379.6 
3405.6 
3431.6 
3457.6 
3483.0 
3508.0 
3532.9 

fuel 
temperature 
(K) 

7194 
7248 
7302 
7356 
7409 
7462 
7514 
7565 

fuel 
density 
(kg/m3) 

5177 
5127 
5077 
5027 
4978 
4929 
4881 
4834 
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3.3 Fuel Enthalpy 

The time and space dependent fuel enthalpy was evaluated from the following 

one-dimensional model for the fission energy deposition process. 

The accumulated fuel enthalpy at. timet in a fuel volume element ofthickness dx 

at location x is: 

t 
J i (t)dt 

h (x,t) hcal . I o 9 c ( x) dx 0 ( 1 ) 
= 

1ca l 
00 

J c(x)dx J i(t)dt 
0 0 

The four terms in Eq. 1 have the following significance: 

1. The first term hcal is the total fuel enthalpy which was measured in a sepa

rate calibration test. In this experiment the Zircalloy crucible in the pressure 

cell (Fig. 1) was replaced with a thermally isolated aluminum calorimeter. 

This calorimeter contained the same mass of test fuel in the same geometric 

arrangement as the actual experimenl EEOS-09. The calorirneter assembly 

was irradiated with an ACRR pulse of known size. From the measured 

temperature increase of the calorimeter the deposited total enthalpy hcal 

(kJ/kg) was deduced. 

2. The ratio I09/Ical scales the size ofthe ACRR pulse used in the calibration 

experimenttothat ofthe actual test EEOS-09. The ACRR pulse size is 

evaluated by integrating the current of a given fission chamber, e.g.: 

( 2) 

where i09(t) = fission chamber current measured in experiment EEOS-09. 

3. The third term in Eq. (1) describes the energy deposition gradient within the 

fuel sample which is due to the neutron f1ux depression. Values for c(x) were 

extracted from two dimensional (r-z) neutron transport calculations using the 
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Los Alamos code TWODANT, installed at Sandia N at. Laboratories. The 

relative quantity c(x) describes the deviation ofthe fuel enthalpy at location 

x from the average enthalpy ofthe whole fuel sample. The upper integration 

limit d represents the fuel thickness in the one dimensional model. 

4. The product ofthe first two terms gives the average energy deposition into 

the EEOS-09 test fuel (kJ/kg). The third term describes the distribution of 

this energy in space and the fourth term in Eq. (1) the distribution in time. 

Eq. (1) was used to evaluate the fuel enthalpy as function of time t and loca tion x. 

Fig. 3 shows the results up to .3112 seconds. The fuel center line is located at x -

0, the fuel/crucible interface at x = d = .79 mm. Fuel melting began at .3073 

seconds. The top line in Fig. (3) shows the calculated fuel enthalpy distribution at 

the onset of the liquid phase pressure excursion. There is a .028 mm thick crust of 

frozen fuel between the liquid fuel core and the Zircalloy crucible at this time. The 

calculated enthalpy in the liquid fuel varied between 3326 and 3619 kJ/kg. The 

volumetric average of3432 kJ/kg was used for the density evaluation at .3112 

seconds. Table II shows in column 3 the averageliquid fuel enthalpy at times 

shortly before and after the onset of the pressure excursion. 

'I'he pressure-enthalpy correlation resulting from the measured pressure signal 

p(t) and the evaluated enthalpy h(t) is plotted in Fig. 4. 

3A Post-Test Examination 

The EEOS-09 pressure ce1l (Fig. 1) was disassembled after the ACRR irradiation 

to investigate the fuel distribution in the free volume inside the cell. 

It was found that liquid fuel had extruded downwards into the slightly conical 

gap between piston and crucible, then radially outwards between the crucible and 

the Al shim, and also to some extent into the gap between crucible and outer 

pressure vessel. 

It is not possible to specify the time offuel extrusion, but the volume which was 

available for the thermal fuel expansion can be bounded by the following two 

cases: 
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A. All fuel found outside the crucible was lost in the two events (at 20 and 25 

MPa) before the liquid pressure excursion occurred. 

B. All fuel was lost from the crucible after the onset of liquid phase pressures, 

driven by the liquid pressurization. 

In case A the fuel expansion volume included the volume of the external gaps 

outside the test volume in which fuel was found. In case B the fuel could only 

expand into the free space inside the crucible. 

The total volume of all external fuel filled gaps could be calculated qui te precisely 

because oftwo reasons. Firstly, the free volume outside the crucible was specifi

cally designed tobeassmall as possible by using very tigh t tolerances on all in

ternal parts ofthe pressure cell. Secondly, in a Quality Assurance program the 

actual dimensions of a ll fabricated parts were measured to within .005 mm 

(±_.2 mil). The total gap volume outside the crucible filled with fuel was found to 

be only 5.2% ofthe test volume inside the crucible. Therefore, the above two limi

ting cases A and B allow a reasonably precise evaluation of the liquid fuel 

density. 

4. DATA EVALUATION 

4.1 Fuel density 

4.1.1 The p-h data 

The liquid fuel density at the onset of the liquid phase pressure (.31120 seconds) 

was calcula ted from 

with 

PI 

V1 

PI 

ill] = illtot- ms 

liquid fuel density (kg/m3) 

volume filled with liquid fuel (m3) 

(3) 

( 4) 

(5) 
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total volume 

.19989·10-6 m3 in case A (test volume + gaps) 

.19000·10-6 m3 in case B (test volume only) 

volume ofsolid crust = .6651·10-8 m3 on crucible walls 

(Fig. 3) 

ffil = 

illtot= 

mass ofliquid fuel 

total fuel mass = 1.0128·10-3 kg 

mass of solid crust = .668·10--1 kg 

The resulting density is p = 4895 kg/m3 for case A, and 5159 kg/m3 for case B. 

These two values correspond to 5027 ±132 kg/m3. 

The average enthalpy (h~hzgs) in the liquid fuel zone at .3112 s was evaluated to 

3432±103 kJ/kg. The resulting p-h data field is shown in Fig. 5 tagether with the 

only two other density measurements on liquid oxide fuels 17 ,8/. 

4.1.2 Recommended p-h function 

The p-T measurements ofChristensen 17/ and Drotning /8/ were convertered from 

the temperature to enthalpy format using the ANL h-T relation for liquid UOz: 

h~hzgs = 1398.6 + .48495 (T-3120) kJ/kg ( 6) 

The recommended p(h) function shown in Fig. 5 isastraight line between 

Drotnings density of8860 kg/m3 at 3120 K and the average value from this work 

of 5027 kg/m3 at 3432 k,J/kg. The upper and lower limit of the shaded estimated 

uncertainty band cover the two data fields araund 1400 and 3400 k,J/kg. The 

recommended p(h) function including the uncertainty band is: 

p(h-hzgs) = 8860. (±120)- 1.885 (±.106) · { (h-hzgs)- 1398.6} 

for (h-hzgs) = 1400 ... 3700 kJ/kg 

The upper density limit is described by the + signs, and the lower limit by the 

- signs in Eq. (7). 

(7) 
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The recommended p(h) function ofEq. (7) is compared in Fig. 6 to earlier 

evaluations of the density of liquid UOz /9,3/. The temperature values given in /9/ 

were transformed to enthalpies using Eq. (6). The agreement between the three 

evaluations is quite good. 

4.1.3 Recommended p-'1' function 

Figure 7 compares the density measurements for liquid oxide fuels as function of 

temperature. In order to compare the p-T data ofChristensen /7/ and Drotning /8/ 

to the present p-h measurement, the enthalpy ofthe (UnPuz3)Üz.og test fuel was 

converted to temperatures using: 

T(h h2gs) = { (h-hzgs)- 1345 kJ/kg }; .48495 kJ/kgK + 3053 K (8) 

This relationwas derived for (UnPu23)Ü2.09 using data recommended in the 

ANL property compilation (6). According to Eq. (8) the liquid fuel enthalpy of 

3432 103 kJ7Kg corresponds to 7356_±_212 K. The resulting p-T field is shown in 

Fig. 7. 

The recommended p-T fit function is again a linear connection between the 

Drotning value at 3120 K and the data point at 5027 kg/m3- 7356 K. The dotted 

uncertainty band in Fig. 7 covers most ofthe existing data. The recommended p-T 

fit function is 

p(T) = 8860 (_±_120)- .90486 (_±_.0504) ·(T-3120) kg/m3 

forT = 3120 ... 8000 K 

(9) 

The + signs in Eq. (9) give the upper Iimit of the shaded uncertainty band, and 

the- signs the respective lower limi t. 

The density from Eq. (9) is compared to other p-T evaluations in Fig. 8. The 

agreement is again quite good. Allevaluations fall within the rather narrow 

uncertainty band ofEq. (9). 
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4.2 Thermalexpansion 

In a single phase region the thermal expansion coefficient 

1 
a =-

V 

is connected to the density by the differential Equation ofState 

- dp 
p 

= a dT - ß dp 

(10) 

(11) 

where ß is the isothermal compressibility ofthe substance. Along the saturation 

line dT and dp are interrelated by the Clausius- C lapeyron equation: 

sat = 
~h vap ~ ~h vap 
T ~vvap RP • P sat (12) 

For state changes along the saturation line, the density change is 

~P- - (" - ß "h R~~p . Psat ) dT (13) 

For liquid U02 and (U,Pu)02 the second term in the backet is much smaller than 

a, reaching at most a few percent of a at 8000 K. This means that along the 

saturation line, the volume change due to the pressure change is much smaller 

than the corresponding volume change due to the thermal expansion. The 

thermal expansion coefficient may therefore be evaluated from p(T), which was 

measured under saturation conditions, according to: 

(14) 

Eq. (14) is the incompressible substance approximation ofEq. (11). It is correct for 

liquid U02 and (U ,Pu)02 up to araund 8000 K within a few percent. Eq. (9) was 

used for the evaluation ofthe thermal expansion coefficient a ofliquid (U,Pu)Üz. 

Fig. 9 summarizes the data for the thermal expansion coefficient ofliquid oxide 

fuels. 
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4.3 Isothermal compressibility 

In the single phase region of a substance the differential Equation-of-State may 

be wri tten as 

dv = a dT - ß dp (15) -
V 

where 

dv/v relative change in molar volume v in going from state 1 to state 2, 

a 1/v (8v/8T)p = thermal expansion coefficient, 

dT temperature change between states 1 and 2, 

.ß -1/v (8v/8p)T = isothermal compressibility, 

dp pressure change between states 1 and 2. 

Eq. (7) simply states that the net volume change due to a change ofstate by dT 

and dp is equal to the volume increase from thermalexpansionminus the volume 

decrease due to the materials compression. 

If one interprets the fast pressure rise in EEOS-09 as a single phase liquid 

pressure, the fuel compressibility may be deduced from 

ß = a · ( 16) 

The index 1 refers to the onset of the liquid phase pressure and the index 2 refers 

to the next data point on the pressure ramp (fourth and fifth point in Table II and 

Fig. 4). 

According to Eq. (14), the thermal expansion a at state 1 (and 2) can be evaluated 

from the measured liquid density given in Eq. (9): 

p 
dp I 
dT T=7356K 

a = 1 
K 

( 17) 

The fuel temperature increase T2-T1 was 53 K, and the measured pressure 

increase P2-Pl was 14.15 MPa (Table II). The fuel volume v increased in going 

from state 1 to state 2 because the transducer membrane yielded slightly under 

the increased pressure. 
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In aseparate out-of-pile loading test the volume change per unit pressure 

increase was measured by applying a known force to the transducer membrane 

and measuring its deflection. It was found that the test volume increase caused by 

the transducer travel is: 

D"v/v = 2.2·10--t 1/MPa · (pz-pJ) 

With the above values the fuel compressibility at 7356 K becomes ß = 
4.5·10-4/MPa. 

(18) 

This value for ß was derived from the slope ofthe liquid phase pressure excursion 

(Fig. 4). The time between successive data points in Fig. 4 is 5·10-5 seconds. Due 

tothisfinite time step in the measurement one can in principle envision pressure 

excursions with a rise time faster than 10·10-5 s which would result in the same 

data points as shown in Fig. 4. However, if the true rise time should have been 

shorter than the sampling intervall of5·10-5 s, it would have been quite 

unlikely to measure a data point midway along the ramp. More likely there would 

have been no or only one point close to the initial or final pressure level. 

To cover this uncertainty from the finite sampling time of the data aquisi tion 

system, Eq. (16) was also evaluated with a pressure rise rate twice as high as 

depicted in Fig. 4. The resulting compressibility at 7356 K is ß- 1.2·10-4/MPa. 

This can be considered a lower bound for the fuel compressibility. The value of 

4.5·10-4/MPa represents an upper bound for ß. 

The upper and lower compressibility bound is compared in Fig. 10 to two theore

tical evaluations. The first one is the theoretical estimate given by Fink et al /9/. 

The second one is a combination ofthe density p(T) recommended in Eq. (9) and 

the (8p/8T)v-values calculated by E.A. Fischer /3/: 

ß 
( avjaT) /v p 

where from Reference /3/: 

= 

1 ( ap) 
- p · ~aT sat 
( ap/aT) --

v 

(8p/8T)v- .2538 + .16391 (p-3.475) + .026561 (p-3.475)3 MPa/K 

p = 3.4 75 ... 8.860 g/cm3 

(19) 

(20) 
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The compressibility from Eqs. (19), (9), and (20) is in better agreement with the 

measured value than are the calculations of Fink et al. 

4.4 Error estimates 

4.4. 1 Fuel density 

The only quantity in Eqs. (3), (4), and (5) with a noticable error margin is the 

calculated crust thickness which was used to derive V s and ms. However, V s and 

ms tend to cancel each other in Eq. (3). A possible error of 20% in the calculated 

crust thickness would result in only _±.8% change in the fuel density. 

Thermalexpansion ofthe Zircalloy crucible also had a negligible effect. 

The dominant uncertainty in the fuel density arises from the unknown timing of 

the fuel extrusion into gapsoutside the test volume. This effect is bounded by the 

two cases A and B. 

4.4.2 Fuel enthalpy 

Each ofthe four terms in Eq. (1) contributes in principle to the total error in the 

fuel enthalpy evaluation. 

The uncertainty in hcal, which was determined in aseparate calibration test, is 

mainly due to the uncertainty in the calorimeter heat capacity (_±2%) andin the 

calorimeter temperature rise !lT (_±1 %). 

The errors in both the second and the fourth term in Eq. ( 1) are determined by the 

power-current linearity of the fission chamber. The used type of fission chamber 

was specified by the manufacturer tobe highly linear over three orders ofmagni

tude. Camparisan of the used fission chamber wi th fission chambers of other sen

sitivities (and ranges) showed no detectable deviations from linearity /5/. The 

error contribution from this source was therefore considered negligible. 

Because of the rather uniform enthalpy distribution in the liquid fuel (Fig. 3) the 

average enthalpy was correlated with the measured density. Taking the average 
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over the liquid fuel corresponds to integrating c(x) over x in Eq. (1). The evaluated 

average enthalpy is therefore independent of c(x), if the small effect of the thin 

solid crust is neglected. The error introduced from the third term in Eq. (1) is 

therefore very small. 

Two additional possible error sources must be addressed, namely heat lasses and 

systematic errors from the form ofEq. (1). 

The heat lass from the test fuel was small, only a few% up to the .3120 seconds of 

interest here. The reasons are 1.) solid fuel powder in a vaccuum environment has 

a very low thermal conductivity; 2.) after fuel melting an isolating fuel crust 

formed on the Zr crucible, and 3.) the time from melting to the single phase 

pressure event was only 3.7 ms. 

The heat lass models for liquid fuel conduction and convection incorporated in the 

enthalpy evaluation code, were benchmarked against the measured pressure 

decay curves of the tests EEOS-04 to -07. The good agreemen t between measured 

and calculated pressure decay signals in those tests lends some support to the 

heat lass models (Ref. 2, p.70). Because ofthe small magnitude ofthe heat losses 

and the apparently reliable modeling, the error contribution to the fuel enthalpy 

evaluation should be below + 1%. 

The most important presumption for the validity ofEq. (1) isthat the fuel density 

in the test volume is constant in time and space. This assumption is based on a 

number of experimental and theoretical informations, which uniquely show that 

liquid fuel is violently agitated by the existing pressure gradients. The fuel 

should therefore be distributed rather homogeneously throughout the test volume 

during energy deposition times. The possible error from the constant-density 

assumption made in Eq. (1) is difficult to estimate, but for the average fuel 

enthalpy it should not be above + 1 or 2%. 

In summary, the total uncertainty in the averageliquid fuel enthalpy from the 

above discussed error sources becomes _±_3o/o using the usual square root addition 

rule for statistically independent error sources. It should be emphasized that the 

average enthalpy values are purely based on measured information, they do not 

depend sensitively on theoretical calculations. 
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It should be mentioned here that the correctness ofthe described enthalpy 

evaluation procedure could be confirmed experimentally by the agreement of 

measured with calculated fuel melting time. Melting events were observed in test 

EEOS-05 (Ref. 2, Fig. VI.14) andin later experiments using an inert cover gas 

(EEOS-10 and 11). 

4.4.3 Fuel ternperature 

The fuel temperature evaluationwas based on Eq. (8). The dominant uncertain

ties in Eq. (8) isthat propagated from the fuel enthalpy ( + 3%) and that from the 

heat capaci ty of liquid (U ,Pu)-mixed oxide. The liquidus enthalpy (I 345 k,J/kg) 

and the liquidus temperature (3053 K) are relatively well known. 

The constant heat capacity value used in Eq. (8) isthat recommended by Fink et 

al (9). It was derived from liquid UOz enthalpy data between 3120 and 3530 K. 

This is the only experimental information on cp ofliquid fuel oxides. 

The most recent theoretical result is from E.A. Fischer's Significant Structures 

Theory (SST) model which agrees with other measured UOz properlies like vapor 

pressure, thermal expansion ofthe liquid and isothermal compressibility (Figures 

8, 9, 10). The SST result for cp is about .4 73 kJ/kg Kat 3120 K, .485 at 3550 K, 

and it reaches a flat maximum of .515 at 5400 K. cp then falls again and reaches 

.485 around 7 400 K. If this SST cp instead of the ANL value is used in Eq. (8) Lo 

convert the enthalpy of3432 kJ/kg, the temperature comesout 180 Klower (7177 

K instead of7356 K). This corresponds to an averageSST Cp of .506 kJ/kg K, 

which is only 4.3% higher than the ANL value used in Eq. (8). 

In light ofthese new cp data, which are the current best estimate, it seems not 

unreasonable to consider a _±5% change in the heat capacity value ofEq. (8). The 

corresponding effect on the temperature at 7356 K would be _±210 K. The width 

ofthe error band at 5000 kg/m3 in Fig. 7 is about _±350 K. The square root error 

addition of the Cp-effect widens the error band only by a factor 1.17. This shows 

that currently existing Cp uncertainties (of the order of .460 to .510 kJ/kg) do not 

strongly influence the estimated test fuel temperature. 
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4.4.4 Fuel compressibility 

The rather large error margin in the derived fuel compressibility is due to the 

sampling time of 5·10-5 seconds (20kHz) used in EEOS-09. This sampling rate 

is adequate for the measurement ofthe saturation vapor pressure excursion (the 

primary goal ofEEOS-09) but somewhat too slow for the very rapid single phase 

pressure ramp. 

Another point that needs tobe addressed is the time resolution of the pressure 

measuring system. The bare transducer had a cut-offfrequency (-3 dB point) of 

about 45kHz (Kaman Model KP-1911). In the EEOS pressure cell an additional 

mass of about .01 kg was coupled to the transducer membrane (mass ofthe Zr 

crucible + Al adapter, Fig. 1). It was found however in an earlier study /4/ that 

this should not noticeably alter the frequency response ofthe transducer, mainly 

because the forces acting on the transducer membrane are much I arger than the 

retardation forces (rhx) from the additional mass. The apparent risetime ofthe 

liquid pressure excursion in EEOS-09 (Fig. 4) corresponds to a frequency of about 

10kHz. 

Therefore the mechanical response time of the pressure sensing system should 

have been fast enough to resolve the liquid phase pressure excursion. 

The limiting factor for the compressibility evaluationwas the 20 kHz.sampling 

frequency of the data acquisi tion system. 

4.5 Experiment EEOS-08 

Experiment EEOS-08 was very similar to EEOS-09 with respect to the test fuel 

and experiment hardware. The main difference was that apparently no liquid fuel 

extruded from the crucible during the reactor pulse. No bonding ofthe crucible 

occurred and fuel vapor pressures could be measured up to 54 MPa. At this level 

the transducer signal became saturated and no liquid phase pressure event could 

be observed in EEOS-08. 

From the known fuel mass, the test volume, and the fuel enthalpy at the time of 

transducer saturation, it was concluded that Lhe density of liquid (UnPu23)02.09 
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at 3417 kJ/kg must be greater than 4882 kg/m3. This confirms the density result 

from experiment EEOS-09. 

5. Discussion 

5.1 Density-enthal py data 

Fig. 5 compares this p-h measurement for (UnPuz3)Üz 09 to the only other two 

density measurements on liquid oxide fuels 17 ,8/. The temperature values of these 

experiments were transformed to enthalpies using Eq. (6). 

The data from these stationary measurements are limited to the first 120 kJ/kg 

beyond melting due to material problems. The new data point at 3432 kJ/kg 

extends the data basis almost 2000 kJ/kg further into the liquid regime. The fuel 

density at this state is only about 57% ofthe melt density. 

The recommended p(h) function (Eq. 7) isastraight line between Drotnings 

average density at 1398.6 kJ/kg (3120 K) and the measured value at 3432 kJ/kg. 

Drotning's density at the UOz melting point 8860 kg/m3 (±_ .7%) was chosen over 

Christensen's value of 8740 kg/m3 (±_2%) because of the smaller error margin. 

Both values agree within their experimental uncertainties. 

In principle the density ofan oxide fuel is a function oftheUisotope vector, the 

Pu isotope vector, the U/(U +Pu) ratio, and the 0/(U +Pu) ratio. The differences 

between uranium and (U ,Pu)-oxides are however small. 

At 298 K the theoretical density ofU2380z oo and (U2387sPu239.zs)Oz.oo differ 

only by 1%. Since also the thermal expansion of both oxides is identical wi thin the 

quite small uncertainties up to the melting temperature /6/, the Pu content seems 

to have a negligeable effect on the densi ty of solid oxide fuel. 

The same appears tobe the case in the liquid regime, if one compares the new 

data point from EEOS-09 with earlier density evaluations for liquid UOz (Fig. 6). 

Both evaluations for liquid UOz (Fink et al. 1981, and Fischer 1987) agree with 

the (U,Pu)-mixed oxide data point at 5027 kg/m3 within the experimental 

uncertain ty. 
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Forthis reason and also in view of the limited number of density data points, it 

appearsjustified to recommend the p(h) fit function ofEq. (7) for UOz and 

LMFBR-typical (U,Pu) mixed oxides as well. The uncertainty band given in Eq. 

(7), which is shown in Fig. 6 as a shaded band, should cover the relatively small 

effect of the Pu content on the liquid oxide density. At 1400 kJ/kg this band has a 

spread of ±1.4% and at 3500 kJ/kg the width is ±6.6o/c,, 

5.2 Density-temperature data 

Fig. 7 compares the three density measurements on liquid oxide fuels in the p-T 

format. The p-h result from EEOS-09 was converted with Eq. (8). 

The recommended p(T) fit function isastraight line between the EEOS-09 data 

point (7356 K, 5027 kg/m3) and Drotning's average UOz density at the melting 

temperature (3120 K, 8860 kg/m3). The shaded uncertainty band covers the 

EEOS-09 data field at high temperatures and the ANL recommendation for UOz 

at low temperatures. The analytical form ofthisband is given in Eq. (9) by the + 
and- sign. 

Eq. (9) is compared in Fig. 8 to two earlier p(T) evaluations /3,9/. The very good 

agreement between the three evaluations is slightly influenced by the fact that 

both Eq. (9) and Fischer's Significant Structures Theory are anchored at 

Drotnings UOz melt density. Apart from this the three evaluations are based on 

independent information: 

Fink et al. used Christensens thermal expansion measurement from 3120 to 

3370 K for their extrapolation, 

Fischer /3/ adjusted his Significant Structure Theory model on recent vapor 

pressure measurements up to 8500 K/1!, and on Drotnings liquid density 

value at 3120 K, and 

Eq. (9) describes the new EEOS-09 density measurement. 

Fig. 8 shows that these three density evaluations are close tagether and well 

covered by the shaded uncertainty band. This band corresponds to an error 

margin of ±8.4% at 8000 K. 



18 

It is noteworthy that the measured slope dp/dT at the melt temperature agrees 

very closely with the slope ofEq. (9): 

----------=Ec.:Jq'-'-. -'-'(9"-') ____ ____::D::::_:. rotning18/ ~~-~-Qhrl§.ien_~~D~Lli 
dpldT (kglm3 I K) .905 + .05 .916 + .04 .918 

Within the rather narrow experimental uncertainty range, the density deerease 

with temperature is constant up to at least 8000 K. This indicates that the ticnl 

region, where dpldT approaches -CG, must still be well above 8000 K. Estimatf~s for 

the critical temperature Tc ofUOz ranged in the past from 6500 to 10 000 lL 

appears now that Tc values below about 9000 K could not be consistent th tbe 

new density measurement. The result ofFischer's SST calculation is Tc =·= 10 600 

K, with Pc at 1560 kg/m3. 

5.3 Thermalexpansion data 

Fig. 9 summarizes the data for the thermal expansion coefficient of liquid oxide 

fuels. 

Christensen 17 I measured a linear expansion coefficient in the Ii quid phase (3120-

3370 K) of .35·10-41K which corresponds to a volumetric expansion coefficient of 

1.05·10-41K. 

The a values from Drotnings density relation p(T) == 8860- .916 (T-3120) kglm3 

agree very closely with Christensen's results, e.g. 1.04·10-41K at 3200 K. 

Twa sets af data from Fink et al. /91 are platted in Fig. 9. The first one is et evalua

ted with Eq. (14) from their recommended p(T) function, which is also shown in 

Fig. 8. The secand one is a as given in their Table Al.l.10.9. These data were 

based an Christensen's expansion measurements between 3120 and 3370 K but 

their extrapolation to higher temperatures Ieads to increasing deviatians from 

the ather resul ts. 

The a based an the ANL density recommendation agrees within 5% with the 

thermal expansion caefficient fram Eq. (9) and E.A. Fischer's p(T). 
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The shaded error band in Fig. 9 corresponds to the shaded band in Fig. 8, and to 

the + and- sign in Eq. (9).lts spread is about _±_6% at 3120 K and _±_13% at 8000 

K. Basedon the presently available experimental information it appears quite 

unlikely that the true expansion coefficient ofUOz and (U.75Puz5l02 is outside of 

these error margins. 

5.4 Isothermal compressibility data 

Figure 10 compares the measured fuel compressibility ß with two theoretical 

eval ua tions. 

The prediction ofFink et al. /9/ required extrapolation of a number of 

thermophysical data up to 6000 K. Fink et al. estimated the possible o-error in 

the result to _±_85% at 6000 K. This uncertainty range is depicted in Fig. 10 by 

two arrow heads. 

The results from E.A. Fischer's Significant Structures Theory approach /3/ are 

roughly a factor of2 below the ANL estimate. The SST result appears tobe the 

current best estimate for the isothermal compressibility ofliquid oxide fuels for 

the following reasons: 

1. The SST data are based on a detailed physical model, starting from basic 

properties ofUOz molecules and liquid UOz. 

2. They arenot in contradiction with the ANL values, and they agree with the 

experimental measurements. 

3. The uncertainty range of the only experimental data is fairly large (1.2 to 

4.5·10-4/MPa). 

6. Summary 

In a transient in-pile heating test a sample of(U,Pu)-mixed oxidewas heated 

along the saturation line. A liquid phase pressurewas encountered at a fuel 

enthalpy of(h-hzgg) = 3432(_±_103) kJ/kg, which corresponds to 7356_±_212 K. 

From the fuel mass and known test volume a fuel density of 5027(_±_132) kg/m3 

was determined. The measured rise rate ofthe liquid phase pressure excursion 
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resulted in an isothermal fuel compressibility of2.85(_±_1.65)·10-4/l\1Pa at the 

same temperature. 

Basedonthese new data and the stationary density measurements which exist up 

to 3370 K, new relations were proposed for the following properties: 

1. Density-enthalpy, 1400 to 3700 kJ/kg, Eq. (7), Figures 5 and 6. 

2. Density-temperature, 3120 to 8000 K, Eq. (9), Figures 7 and 8. 

3. Thermal expansion-temperature, 3120-8000 K, Eq. (14) with Eq. (9), 

Figure 9. 

4. Isothermal compressibility-temperature, 3120-8000 K, Eqs. (9), (19), (20), 

Figure 10. 

The new density data point for liquid (U ,Pu)-mixed oxide agrees very well with 

the extrapolation ofthe stationary measurements Oll liquid uo2 (Fig. 8, Fink et 

al.). Thus the effect ofthe Pu content on the density ofliquid oxide fuel seems to 

be negligeable, compared to the remaining uncertainty in the density data. It 

appearsjustified to recommend the new property relations for U02 and LMFBR

typical (U,Pu)-mixed oxide as well. 

The new density result at 7356 K indicates that the critical temperature ofliquid 

oxide fuel is well above 8000 K. 
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EEOS 
EFFECTIVE EQUATION STATE 

PRESSURE CEll 

PRESSURE VESSEL 
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SCREWS(6)~ 

METAL SEAL 
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TRANSOUCER 
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~ 
~GUIDE PINS(2) 

Figure 1: Design ofthe EEOS pressure cell. The crucible was filled with 1 g 
of(U,Pu)-mixed oxide powder, leaving about 52% void space in 
the test volume. The sample was heated from 290 K to around 
8000 Kin 10 milliseconds. The pressure transducer continuously 
monitared the pressure in the test volume. 
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Figure 2: Pressuresignal measured in test EEOS-09 (not corrected for back
ground contribution). At .3112 seconds the fuel had more than doubled 
its volume due tothermal expansion, and had completely filled the test 
volume. Further heating ofthe liquid oxide generated large liquid 
phase pressures. 
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Figure 3: Results of the time and space dependent (one-dimensional) enthalpy 
evaluation for the (U,Pu) oxide sample up to .3112 seconds. There is a 
thin crust of frozen fuel between the cold cruci ble wall at x = . 79 mm, 
and the liquid fuel core. The liquid fuel is heated very nearly adiabatic. 
The average enthalpy in the liquid was determined to 3432_±_103 
kJ/kg at .3112 seconds. 
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Figure 4: Pressure-enthalpy data points for the liquid phase pressure excursion 
which started at 3432 kJ/kg, corresponding to 7356 K. The oxide 
density at this pointintime was 5027 _±_132 kg/m3. The pressure 
transducer saturated at 59 MPa. The slope ofthe pressure ramp 
contains information about the compressibility of(U,Pu)-mixed oxide 
(Eq. 16). 
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Figure 5: Comparison ofnew density data point at 3432 kJ/kg to the existing 

measurements on liquid UOz. The new density point extends the data 
basis almost 2000 kJ/kg further into the liquid regime. The p(h) fit 
function is recommended for U02 and LMFBR typical (U ,Pu)-mixed 
oxide as well (Eq. 7). The shaded band shows the estimated error 
margin ofthe p(h) fit function. 
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recommended a(T) function and the shaded error band result from Eqs. 
(9) and (14). The shaded error band corresponds to the shaded area in 
Figure 8. 
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Figure 10: Comparison ofmeasured isothermal compressibility data range to 

theoretical evaluations. All data arestill subject to large uncertain
ties. The SST results appear tobe the current best estimate for liquid 
oxide fuels because they are based on a detailed physical modeland 
fall within the experimental data field. 




