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Abstract

Significant uncertainty of uranium critical point parameters in present knowledge is considered. Paper is to reveal

thermodynamic aspects of the problem through comparison of some available theoretical predictions for the uranium

critical point parameters as well as to discuss in brief plausible versions to meet existing contradiction. New calculations

of gas–liquid coexistence in uranium by modern thermodynamic code are included in the analysis.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Parameters of critical point (CP) of metallic uranium

and uranium-bearing compounds (UO2±x, UC, UN,

UF6, etc.) are in urgent need, firstly, to develop perspec-

tive powerful devices (e.g. [1]), and, secondly, as an

important ingredient for the analysis of nuclear safety

in hypothetical severe reactor accidents at nuclear plants

exploited recently (e.g. [2]). For most of metals including

uranium both their critical temperature and pressure

appear to be too high for precise experimental study

(except heavy alkali and mercury). Thus, nowadays the

CP parameters of uranium and uranium-bearing com-

pounds are known mostly due to theoretical predictions.

Various approaches have been used for this purpose (see

reviews [3,4], etc.). As a rule, all the approaches give

rather close results for most of substances. That is why

it looks tempting to consider the deviation in results of

various estimations as a measure of uncertainty in

knowledge of critical point parameters. Hence, each case

of violation of this empirical tendency is valuable in view

of reliable understanding of the critical point problem.
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This is just the case for uranium (and uranium dioxide)

which represents remarkable exception from this empir-

ical rule [5], i.e. outstanding contradiction between re-

sults of various approaches. Moreover, a similar

contradiction proved to be valid [6] for the whole group

of �bad� metals (Co, W, Mo, etc.) with the precedent of

uranium being the most prominent one. Despite of great

applicative importance of uranium EOS, we are still not

aware even approximately the parameters of high-tem-

perature part of uranium gas–liquid coexistence includ-

ing true parameters of its critical point. In search for

the problem solving, it is essential (A) to disavow some

results of one (or more) basic experiments on thermody-

namic properties of liquid uranium or/and (B) to assume

at least one (or more) significant anomaly in properties

of gas–liquid phase transition in uranium. Present con-

tribution is devoted to revealing of thermodynamic as-

pects of the problem, as well as to brief discussion of

plausible variants for its possible resolutions.
2. EOS of uranium in applications

The high-temperature equation of state (EOS) of ura-

nium, including its critical point, is of great importance
ed.
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for wide number of applications, in particular, design of

non-traditional schemes for nuclear reactor. Such a per-

spective scheme has been developed recent decades [7,1].

In contrast to a nuclear reactor with solid fuel exploited

presently, the basic feature of so-called gas-core nuclear

reactor (GCNR) is a high-temperature dense plasma

state of uranium fuel at its work cycle (TU � 104–

105 K, p � 10–102 GPa). The principal advantage of

GCNR is its ability to heat working fluid up to the con-

siderable temperature level of TWF � 103–104 K. Such

working fluid could be effectively used afterwards in

rocket engine or in MHD energy converters, etc. [8].

High-temperature uranium EOS is also required for

investigation of a nuclear safety problem to construct

the global uranium–oxygen phase diagram [9,10,12,13]

(see also [11,2]). It should be noted that EOS of pure

uranium is often used as an explicit constituent of com-

bined EOS of hypo-stoichiometric uranium–oxygen

mixture, the latter being described as a binary solution

of U and UO2 [10] (Fig. 2 [12], Fig. 5 [13], etc.). It should

be emphasized that serious uncertainty mentioned above

on the presently known uranium EOS makes significant

uncertainty of the whole hypo-stoichiometric part of to-

tal phase diagram for UO2�x (0 < x < 2). The same is

true for similar problem in uranium–carbon, uranium–

nitrogen and other uranium-bearing systems.
3. Problem of theoretical estimation for critical point

parameters. Uranium precedent

The critical data (temperature and pressure) for ura-

nium are too high for precise experimental study. At the

same time ab initio theoretical approaches are ineffective

because of the rather complicated electron structure of

uranium [14] and also the still existing problem of ade-

quate theoretical description of strong Coulomb interac-

tion in non-ideal uranium plasma [1,15]. The critical

point parameters (CPP) for uranium are permanently

estimated theoretically. Among theoretical approaches

the dominating one is based on the assumption of strong

correlation between CPP and low-temperature proper-

ties of condensed phase. There exist several versions of

this approach which use either vaporization heat, or

thermal expansion of liquid, or low-temperature vapor

pressure as input quantity [3]. It should be stressed that

whatever is used in frames of this approach does not

matter – either any �primitive� form of high-temperature

extrapolation of thermodynamic properties of �cold�
condensed substance, such as Guldberg rule [3], or

Kopp-Lang rule [16], or the low of �rectilinear diameter�
[17], etc. (see [3,4,18]), or a variant of �principle corre-

sponding states�, or even any sophisticated forms of

modeling EOS with free parameters. The point is which

thermodynamic parameters of condense state to be pref-

erably used in application of the principle corresponding
states or in �calibration� of free parameters of modeling

EOS.

To found this statement the special version of ther-

modynamic computer code, �SAHA-U� has been devel-

oped in present work as a new implementation of

SAHA code-line [19,1,20]. The gas–liquid phase coexis-

tence in uranium has been calculated by SAHA-U in

frames of so-called the quasi-chemical representation,

i.e. a microscopic description of vapour and liquid ura-

nium as equilibrium partially ionized non-ideal plasma

(�chemical picture�) [21]. This approach proved to be suc-

cessful for joint self-consistent description of non-con-

gruent evaporation in uranium dioxide [22,23,2]. Two

variants of present calculation by SAHA-U code corre-

spond to two competing variants of calibration of its

free parameters fitting either caloric or thermal proper-

ties of liquid uranium. In the first variant (notation

�SAHA-U(H)�) liquid density and handbook values of

vaporization heat and Gibbs free energy (i.e. vapour

pressure) of liquid uranium in melting point

(T = 1410 K) were fitted. In the second variant (notation

�SAHA-U(T)�) density and thermal expansion coefficient

[29,30] of liquid uranium in melting point were fitted.

Among the approaches extrapolating low-tempera-

ture properties of condensed phase, the first and widely

used version exploits the main caloric quantity, heat of

vaporization as the basis for estimations of CPP. In

accordance with the high value of uranium vaporization

heat (�533 kJ/mol [24]), numerous attempts of such esti-

mation predict relatively high values for the uranium

critical temperature: Tc � 11–13 · 103 K ([25–27,4,28],

etc.). As it has been expected, the high value of critical

temperature Tc � 12,800 K is also obtained in calcula-

tions via SAHA-U code with caloric quantity used as

the input calibration value (curve 4* at Fig. 1).

The second version of this approach is based on

parameters of thermal EOS, i.e. it extrapolates to high

temperature experimentally measured density vs. tem-

perature of liquid uranium, qliquid(T) [29–32]. Good

agreement should be emphasized for all four experiments

in surprisingly high value of measured isobaric thermal

expansion of liquid uranium (Fig. 1). Correspondingly

in contrast to the �caloric� way, the �thermal� way results

in the significantly lower values of predicted critical tem-

perature and noticeably indefinite values of critical pres-

sure Tc � 5–7 K; pc � 0.01–0.5 GPa ([33,34,5]). The low

value of critical temperature Tc � 6840 K is also ob-

tained in calculations by SAHA-U code with thermal

quantity being used as main input calibration value.

The third, an alternative approach, scarcely uses any

empirical properties of condensed uranium in search of

its critical point location. This approach is based on

so-called �plasma hypothesis� of nature of critical state

in metals [35], it postulates strong correlation of critical

point parameters with ionization potential(s) of metal

and it predicts for uranium Tc � 9400 K [36,37].



Fig. 1. Density-temperature phase diagram of uranium. Experi-

mental data on thermal EOS: 1 – saturation curve p � 0 [30]; 2 –

isobaric expansion (p ffi 0.4 GPa) [29] (after [34]); 3 – isobaric

expansion [32]; Theoretical predictions of critical point: 4 – based

on caloric EOS of condensed phase [25–27,4], etc. 5 – based on

experimental data on thermal EOS of condensed phase [33,5]; 6 –

based on �plasma hypothesis� [36,37]. Reconstruction of coexis-

tence curve: 4* – based on caloric EOS of condensed phase (code

SAHA-U(H)); 5* – based on thermal EOS [30] via principle of

correspondent states and measured cesium coexistence curve

[38,39] as a reference system (after [5]); 5** – based on thermal

EOS [30] via procedure recommended in [40] (after [5]); Dash-

dotted line–linear extrapolationof liquiddensity,qliquid(T) [30] up
to the limit T ð�Þ

0 ;M –melting point; NS – density of solid uranium

at T = 273 K.
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Fig. 2. Pressure-temperature phase diagram of uranium. Theoretical

uranium [25,27,26,4,28]; 1* – CP presently calculated via �caloric� v
experimental data [29] (thermal EOS); 2* – present calculation via �t
prediction [5,6] with low Tc estimated via �thermal� way (region 5 at Fig

CP predictions based on �plasma hypothesis� [36,37]. Saturation curve:

recommended extrapolation (4**); 4 – experimental data [41]; 4 – expe

�caloric� variant of SAHA-U code; 6 – saturation curve predicted in fra

in [42]; 7 – present calculation via �thermal� variant of SAHA-U code;

pressure curve connected handbook data (4–4*) with CP predicted in
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Obvious strong contradiction among three groups of

theoretical predictions for the uranium critical tempera-

ture is illustrated in Fig. 1. This discrepancy looks quite

extraordinary in view of great applicative importance of

uranium EOS.

4. Uncertainty in Uranium saturated pressure

Estimated from both thermal and caloric properties

of liquid phase (Fig. 1), the disaccord in uranium CPP

becomes perfectly incompatible when considered jointly

with Gibbs free energy of liquid. At low-temperature

the latter is equivalent to the dependence of saturated

vapor pressure on temperature, ps(Ts). For low temper-

ature range this dependence is known experimentally

and is recommended in thermodynamic handbooks

(e.g. [41,24]) as consolidation of total information on

properties of condensed uranium. This recommendation

for T < 5000 K is shown in Fig. 2.

A standard approach of estimation for the critical

pressure pc uses a linear extrapolation of this depen-

dence in log p M 1/T coordinates up to preliminary pre-

dicted value of critical temperature [3]. Numerous

attempts of such estimations for uranium via �caloric
way� (based on the vaporization heat) predict the rela-

tively high values of critical pressure: pc � 0.5–1.0 GPa

([25–27,4,28], etc.). The large value of critical pressure

pc � 845 GPa has been also obtained in calculations by

SAHA-U(H) code with the caloric calibration.
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ariant of SAHA-U code; 2 – CP prediction [33,34] based on

hermal� variant of SAHA-U code; 2** – low boundary of CP

. 1), which is compatible with handbook vapor pressure [24]; 3 –

4 – handbook saturation curve [24] with boiling point (4*) and

rimental boiling at p = 1.1 MPa [31]; 5 – present calculation via

mes of �plasma hypothesis� [37], 6* – boiling point recommended

7* – corresponding boiling point; 8 – hypothetical part of vapor

[33,34].
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In contrast to results mentioned above, the CPP esti-

mation based on experimentally measured thermal

expansion of liquid uranium [29–32] could give high

value of uranium critical pressure (pc� 0.4 GPa [33,34]).

Almost the same value of uranium critical pressure

(pc = 0.444 GPa) has been obtained in calculations by

SAHA-U(T) code with the thermal calibration (curve 7

at Fig. 2) but with a saturation curve contradicting vio-

lently with the handbook data ps(Ts) [24]. On the other

side, a superposition of low value of predicted uranium

critical temperature (Tc � 6000 K) based on thermal

expansion with handbook ps(Ts) leads to the extra-low

value of lower bound for critical pressure (pc �
0.01 GPa) [5,6] and, consequently, to the extra-low value

of critical compressibility factor, Zc � (p/qRT)c � 0.01

(!) as well as to the extra-low value of indicative density

ratio qc/q0 � 0.01 (!) (qc and q0 – critical and normal

density).

The third, alternative �plasma� approach [35], also

predicts high value of uranium critical pressure

(pc � 0.6 GPa [36]) but with a saturation curve [37] devi-

ating significantly from the saturation curve of hand-

book [24]. A consolidated picture of all the discussed

predictions of uranium critical pressure is exposed in

Fig. 2. One can conclude that the considerable uncer-

tainty in predicted critical temperature of uranium

(Fig. 1) makes even more contrasting uncertainty in pre-

dictions of critical pressure presently known [5]. It

should be noted that an attempt to combine the high

value of predicted uranium critical pressure [33,35,37,

34] with the low-temperature experimental and hand-

book data on saturation curve [41,24] leads to strong up-

ward deviation of the high-temperature part of uranium

saturation curve from the quasi-linear log ps–1/Ts

extrapolation of its low-temperature part (line 8 in

Fig. 2).
5. Uranium critical point problem: Is it exclusive or

typical?

Significant discrepancy in uranium CPP predicted via

the competing �caloric�, �thermal� and �plasma� ap-

proaches (Figs. 1 and 2) appears to be typical for group

of metals [6]. There exists a ruling dimensionless param-

eter indicating definitely the possible discrepancy similar

to that of uranium, it is the ratio g of the indicative tem-

perature of thermal EOS, T ð�Þ
0 (see Fig. 1) in energy

units, to the sublimation energy DsH
0.

g � kT ð�Þ
0 =DsH 0 ðT ð�Þ

0 � Tmelt þ a�1
P jT¼Tmelt

Þ
faP � q�1ðoq=oT ÞPg. ð1Þ

A relatively low value of g for uranium (gU � 0.15) is

typical for the whole group of �bad� metals: V, Co, Mo,

W, etc. [6] (g � 0.16–0.19). To compare the relatively
high value of parameter g (0.3–0.4) should be mentioned

for �good� metal like Li, Cs, Al, Cu, etc. It should be also

noted the remarkably low value of parameter g for ura-

nium dioxide (gUO2
� 0.17) that truly corresponds to

well-known problem of high discrepancy between vari-

ous theoretical estimations of critical point parameters

of UO2 [43,2], etc.
6. In search for possible resolution of the uranium

critical point problem

Summarizing up the discussion, one can conclude

that this problem solving is required either (A) to dis-

avow results of one (or more) basic experiments on

thermodynamic properties of liquid uranium or/and

(B) to assume at least one (or more) significant anom-

aly in properties of gas–liquid phase transition in

uranium.

(A) Wrong experiments are the easiest explanation. In

this case one has to assume: (A*) – there is a rough

and simultaneous mistake in four experiments on

measurements of liquid uranium density [29–32],

as well as in the measurements for uranium sur-

face tension [30] (it is also indicates the extra-

low critical temperature of U [5]) or/and (A**) –

there is a mistake in experimental and handbook

data for saturation pressure, ps(Ts) and evapora-

tion heat, DH(Ts) [41,24].

(B) There is an anomalous (non-convex) form of

density-temperature coexistence curve of ura-

nium at high temperature (Fig. 1), which could

combine high value of experimentally mea-

sured thermal expansion of liquid uranium with

high level of predicted critical temperature (4 at

Fig. 1).

(C) There is an anomalous large upward non-linearity

of saturation curve, ps(Ts) in (log p–1/T) coordi-

nates (Fig. 2), which combines the low value of

uranium vapor pressure at low temperature

[41,24], with the high level of predicted critical

pressure [33,35,37,34].

There are two variants within the validity of

totally convex form of gas–liquid coexistence

curve in q–T plane and validity of quasi-linear

dependence in log ps–1/Ts coordinates.

(D) There is an anomalous low value of the critical

compressibility factor of uranium, (pV/RT)c � 1.

(E) There is an anomalous low value of the uranium

ratio of critical to normal densities, (qc/q0) � 1.

In any case of either the wrong experiments (A)

or the undetermined anomaly (B–E), some new

decisive experiments are desirable for properties

of liquid uranium and as well as for true parame-

ters of its gas–liquid transition.
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6.1. Possible solution and alternatives

(A) Is there an anomalous form of density-temperature

diagram?

In principle, it may be that the gas–liquid coexis-

tence curve in density-temperature plane is not

totally convex figure. It is so indeed, in particular,

for the theoretically predicted high-temperature

gas–liquid coexistence in uranium dioxide (Fig. 3)

[11,23] (see [2] for details). It should be stressed

that evaporation in UO2±x differs principally from

that in �ordinary� substances because of non-con-

gruency of this phase transition (coexistence of

two phases with different stoichiometry). This is

an intrinsic property of phase equilibrium in

strongly interacting chemically reactive plasmas.

The question is what physical reason could pro-

duce similar effect in metallic uranium. Could it

be significant change in electronic structure of

uranium ions and corresponding change in effec-

tive ion–ion interaction in liquid uranium during

its expansion from melting to critical point?

(B) Is there an anomalous high upward deviation of

uranium saturation curve ps(Ts)?

It is possible, in principle, that the saturation

curve, ps(Ts), could strongly deviate upward from

a generally accepted quasi-linear dependence in
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Fig. 3. Densities of coexisting gas and liquid phases for non-

congruent boiling uranium dioxide 1 – experimental data on

density of liquid UO2.0 [47]; 2,3 – variants of extrapolation of 1;

4 – the mean value of liquid and vapor densities (diameter);

5,6,7 – theoretical predictions within EOS [11]: 5 – standard

form of coexisting curve (forced congruent equilibrium); 6,7 –

coexisting liquid (6) and vapor (7) densities of non-congruent

phase equilibrium in uranium dioxide within the Van der Waals

approximation (see [2] for details).
log ps–1/Ts coordinates. It is so indeed, in particu-

lar, for the predicted gas–liquid coexistence in

uranium dioxide [11,23] (see [2] for details). The

physical reason for this remarkable deviation in

ps(Ts) is again the non-congruence of gas–liquid

coexistence in uranium dioxide. And the question

still is what physical reason could produce similar

effect in metallic uranium during its expansion

from melting to critical point?

(C) Is there an anomalous extra-low value of critical

compressibility factor of uranium, (pV/RT)c � 1?

(D) Is there an anomalous extra-low value of the ratio

of critical to normal densities of uranium, (qc/
q0)� 1?

It is possible, in principle, that the value of gas–

liquid critical compressibility factor can be much

lower even than that of alkali metals: ðpV =
RT Þc � ðpV =RT ÞðalkalisÞc � 0.1–0.2. It is also possi-

ble that the ratio (q0/qc) can be much higher than

that of alkali metals: q0/qc � (q0/qc)
(alkalis) � 5–

10. This is the case, for example, in modified

one-component plasma model, OCP(�) [44] in

the formal limit of its ionic charge low value

z � 1 [45] (see [46] for details).
7. Conclusions

Nowadays there is significant uncertainty in present

knowledge on the uranium critical point parameters,

the theoretical estimations being in striking contradic-

tion. The version exploiting extrapolation of low tem-

perature vapor pressure and heat of vaporization as

the basis for estimations of CPP predicts high values

for the uranium critical temperature. The version

exploiting thermal expansion of liquid uranium results

in significantly lower values of predicted critical temper-

ature and noticeably indefinite values of critical pres-

sure. This problem solution demands either to disavow

results of one (or more) basic experiments on thermody-

namic properties of liquid uranium or/and to assume at

least one (or more) significant anomaly in properties of

gas–liquid phase transition in uranium. The question is

what physical reason could produce such anomalies in

thermodynamic properties of metallic uranium during

its expansion from melting to critical point? Solution

of the problem requires both new theoretical efforts

and new deciding experiments.
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