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ABSTRACT KEYWORDS
A statistical-mechanical analytical equation of state has been employed Alkaline earth metals;
successfully to alkali metals, alkaline earth metals, aluminum, bismuth Alkali metals;
and lead. Thereexist three temperature dependent parametersin the equa- Equation of state;
tion of state; the second virial coefficient, an effective molecular vol- Liquid density;

ume, and a scaling factor for the average contact pair distribution func-
tion of hard convex bodies. The temperature-dependant parameters have
been calculated using corresponding-states correlations based on nor-
mal boiling point parameters as scaling constants. It is shown that knowl-
edge of just normal boiling temperature and the liquid density at the
normal boiling point are sufficient to predict the equation of state of
alkali metals, akaline earth metals, aluminum, bismuth and lead. The
theory has considerable predictive power, since it permits the construc-
tion of the PVT surface from the normal boiling temperature and the
liquid density at the normal boiling point. The average absolute devia-
tion for the calculated densities of metalsis 1.14 %.
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Normal boiling point;
Statistical mechanics.

INTRODUCTION

Liquid metals show various characteristics that
are invaluable in industrial applications. Features
such as high boiling temperatures, extended liquid
range, low vapor pressure, high thermal conductiv-
ity, and high heat of vaporization are have madethem
applicablein various operations such as meta lurgy,
glassforming, casting, welding, and crystal growth.
These properties have given them also agreat sig-
nificance as coolants in nuclear power plants.
Amongst theliquid metals, liquid alkali metalsand
liquid alkaline earth metals have been used widely

for thispurpose. Therefore apreciseknowledgeof their
thermodynamic propertiesseemsto beextremely hel pful.
Although, estimation of thedensity of liquid metalsis
necessary inthe process of computer smulation, inthe
calculation of other thermodynamic properties, andin
extracting quantitative structura information from dif-
fraction spectrd¥. Unfortunately, for metals, difficult
experimental conditionssuch aslow vapor pressures
and high temperaturesrestrict the experimental mea-
surements.

Molecular simulation methods?? can used to
predict thermophysical propertiesof metals. Despite
the precision, molecular simulation methods are
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computationally expensive and need accurate potentid
energy functionfor this purpose.

Accurate knowledge of themechanical behavior of
fluids using equations of state is always worth in
thermophysicd studies. Among the proposed equations
of state by different investigators, theanaytical equa-
tionsthat have been established on atheoretical basis
areafew. Although many attemptshave been madeto
make progressinthisfield, thelack of aproper univer-
sal potentia energy function still impressesmany un-
solved problems.

Theconventiond methodsfor the predi ction of volu-
metric properties of fluidsare based on the equation of
gate (EOS) and corresponding-states correl ation meth-
odg*U, If, in thefirst place, accurate input data are
available, theapplicability of an EOSto agiven sysem
isreliable. In practice, theinput datamay not be avail-
able or it may not be possible to measure these data
accurately for agiven system. However, thereare some
equationsof statewhich arepreciseenough over awide
range of temperaturesand just need someeasily avail-
ableinput parametergd41,

Inthiswork, an analytical equation of state based
on Statistical mechanical perturbation theory proposed
by Song and Mason*™ isof specid interest. Thisequa-
tionwith corrdation procedureby Ed ami™® can beused
with evenlessinput information for alkali metals (Li
through Cs), liquid akaline earth metals(M g through
Ba), a uminum, bismuth and |lead over awiderange of
temperatures and pressures. In particular, knowledge
of only two constant, the normal boiling temperature
andtheliquid dengity a thenormal boiling point asscd-
ing parametersissufficient to predict the PVT proper-
tiesof thesemetalsover awiderange of temperatures
and pressures.

THEORETICAL EQUATIONOFSTATE

Song and Mason*® proposed an analytical equa-
tion of statefor convex-molecular fluids based on sta-
tistical-mechanicd perturbation theory. The equation of
sateisof theform:

kT =1+B,(Dp+a(M)plG(n) —1] (1)

where P isthe pressure, p isthemolar (number) den-
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sity, B,(T) isthesecond virial coefficient, «(T) isthe
contribution of therepulsiveforcesto thesecond virid
coefficient, G(r) istheaveragepair distribution func-
tion at contact for equivaent hard convex bodies, 7 is
the packing fraction, and KT isthe thermal energy per
one molecule. Song and M ason™! adopted thefollow-
ing form for G(#), whichis shownto be accuratefor
hard convex bodieg?517,

iy = 1 /An+ Va7 2

(I—1)

where y, and y, are chosen to reproduce the correct
third and fourth viria coefficients. In practicey, and
y, can be approximated in terms of a single
nonsphericity parameter vy, equal to unity for hard
spheres. The parametersy, and y, have been defined
intermsof y ag™!:

1+ 6y +3y°

v, =3 —
2 1+ 3y @
and
2+2.64y +7y°
v, =3 — s
Ha 1+ 3y @
The packing fraction, , isgiven by
_bMp
T 1+3y (5)

where b isthe van der Waals covolume and can be
defined in terms of « ag*?:

da(T)
b(T)=a(T)+TT (6)
Oncetheintermolecular potentia energy function
isknown, thetemperature-dependent parametersB,(T),
o(T), and b(T) can befound by threeintegrations, and
y isthebest found by fitting available P-V-T data®.
Severa procedures can be employed to determine
thetemperature-dependent parameters. Generdly, one
may performtheintegral equationsderived by Song
and Mason*® which requirethe pair potentia energy
function of physical systems. Sincethepair potential
energy isseldom accurately known for most physical
systemsof interest, we have to employ another alterna-
tive method to cal culate the temperature-dependent
parameters. In these circumstances, fortunately, there
are some correl ation procedures have been devel oped
intheliteratureviasurfacetensondatd*®*?!, boiling point
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constants*®22 and critical point constantg®?4. Inthis
work, weaim to use the correl ation based on the nor-
ma boiling point parameters, liquid density at the nor-
mal boiling point, o, and normal boiling temperature,
T, astwo scaling parameters™®l:

B,(T)=1.033-3.0069T" —10.588T 2 +13.096T* -9.8968T"* (7)

With
T
T (8)
and

B,(T) =B,(T)py, (9)
where, p and T represent theliquid density at the
norma boiling point and the norma boiling tempera-
ture, respectively.

Song and Mason*® indi cated that the reduced tem-
perature-dependant parameters, «(T), and b(T), are
universal functions of the reduced temperature when
reduced interms of the Boyle parameters. Also they
indicated that o(T), and b(T) arerelatively insensitive
tothedetail of the potentia energy function*®, There-
fore, they proposed two empirica formulasfor reduced
o(T), and b(T) intermsof the reduced temperature.

We utilized the same empirical formulas proposed
by Song and M ason? and rescal ed the coefficients of
theformulasto consider theeffect of changing the scal-
ing constantsfrom the Boyle parametersto the tem-
perature and theliquid density at the norma boiling
points, i.e.
a(Mp,, =, exp(— a,T )+ a2[1— exp(— aAT'”“)]

T =

(10)

b(T)pnb = al(l_ a3T* )exp(— asT* )

+ az{l—[1+ 1/4a,(T" )’““] exp[— aA(T*)’““]} (1)
wherea,,a, a,, a, ae2.080017, 2.204481, 0.509251,
0.894258 respectively. Therefore known vaue of the
boiling point parametersmake permit to determinethe
temperature dependent parameters of the equation of
state. The remaining problemisto findy from PVT
data. Thisadjustable parameter isdetermined by fitting
thehigh dengity experimenta PVT data. Oncethevaue
of the constant y isdetermined, the entirevolumetric
behavior isestablished. Thevauesof y for each fluid
aregiveninTABLE 1.

Inthiswork we apply the equation of state, “equa-
tion (1)”, with thetemperature dependent parameters
determined using the corresponding-states correlation
based ontemperatureand liquid density at the normal
boiling point as scaling constants, “equations(7), (10)
and (11)”, to determine PVT propertiesof alkali met-
as, akalineearth metals, al uminum, bismuthand lead
over awiderange of temperaturesand pressures.

RESULTSAND DISCUSSION

In thiswork, Song and Mason EOS was applied
to somepure metalscontaining akai metds, akaline
earth metals, aluminum, bismuth and lead. Thenorma
boiling point parameters of metalsare used asinput
data, to determinetemperature-dependent parameters
and theadjugtableparameter wasca culated by knowing
experimental PVT data. Values obtained for y aswell
as boiling point parameters for metals are listed in

TABLE 1 : Parameters used for metals

Substance Ton(K) pro (Mol m™) Y
Li 1615 57567.7 1.011
Na 1151.2 32334.3 0.994
K 1032.3 16969.3 0.998
Rb 959 13733.1 1.003
Cs 943 11067.5 0.997
Mg 1366.4 60480.0 0.977
Ca 1768.4 30620.0 0.990
Sr 1659.3 24780.0 0.977
Ba 2120 21920.0 0.923
Al 2330 73420 0.999
Bi 1723 48090 0.950
Pb 2017 43220 0.967
lesical CHEMISTRY comm—
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TABLE 1. Actudly the purpose of thiswork isto show
how thisequation of state can begppliedwithevenless
input information for metals. The obtained densities
compared comprehensively with alarge number of ex-
perimental liquid densities over awiderange of tem-
peratures and pressures, and theresultsaregivenin
TABLE 2 dongwiththe AAD (average absolute de-
viation). All of theresultsin thistable are compared
with experimental datd?®?1. ASTABLE 2 shows; the
agreement between the cal culated and experimental
dataof thesemetalsisvery good. In general, the ob-
tained mean of thedeviationsfor all alkai metal and
alkaline earth metalswasfound to be of the order of
0.63% and 2.07%, respectively.

It is a matter of considerable practical impor-

TABLE 2 : The calculated results for the liquid density
results of the ISM equation of state82
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tanceto comparethisEOSwith other equationsof state.
Inthisrespect, we have compared our resultsfor akali
metals with those obtained using M ehdipour et al .[?8
andfor akaineearthmetaswith Edami et a .. The
resultsof thecdculationsfor dl alkali metalsand alka
lineearthmetalsaregatheredin TABLE 2. Itisobvious
that, our resultsarein favor of the preference of the
Song and Mason EOS over ISM equation of state.
Theoverdl averageabsolutedeviation that cal culated
by Mohdipour et a .l and Eslami et a.*% are 1.16%
and 2.36%, respectively. Thevauesof caculated den-
gtiesfor dkadi metd sand dkaineearth meta sand com-
parison of deviation of experimentd data®2" withthose
obtained using Mehdipour et d 1?2 and Ed ami et d.1>
for each data points are presented as TABLES SI1

of metals compared with experimental datal®*?? and the

AADY% °
Subsance Rangeof temper atur e(K) Rangeof pressure(bar) Present wor k Ref 1921
Li 850-2000 3.72x10°-8.64 0.67 1.8
Na 550-1450 8.88x10°-3.38 0.45 1.5
K 450-1400 3.21x10%12.44 0.70 1.0
Rb 400-1300 169x10%11.43 0.72 0.99
Cs 400-1200 3.83x10°-6.79 0.62 0.49
Mg 923-1900 359x103%21.77 2.4 3.14
Ca 1114-2000 2.06x10°-3.32 0.86 154
Sr 1041-1900 2.5x10°%2.38 2. 3.18
Ba 1000-2000 7.06x10°-0.62 2.08 1.59
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Figure 1 : Deviation plot from experimental data®**®! for calculated liquid densities by this equation of state as a

function of temperature for Al, Bi, Pb
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Figure 2 : Deviation plot from experimental data® for calculated vapor densities at P=1bar by this equation of

state as a function of temperature for K, Rb, Cs

and Sl 2of the supplementary information.

Also, we performed the cal cul ation of molar vol-
umeof Al, Bi, Pb, at different temperature and pres-
sure and the results are compared with experimental
datd** in Figure 1. AsFigure 1 shows, the calcul ated
results agreed truly with the experiment.

Although, thisequation of stateisapplied for vapor
density K, Rb and Cs at different temperature and
P=1bar and the results are compared with experimen-
tal data?? in Figure 2. As Figure 2 shows, theresults
aresatisfactory.

Comparison of our cdculated dengtiesin TABLES
2, Figures 1 and 2 with experiment(?.2 show that the
present equation of state can well reproduce the den-
sity of dkali metals, akaineearth meta's, a uminum,
bismuth and lead over awide range of temperatures
and pressures. We showed that for cal cul ating the sec-
ondvirid coefficients, o(T) and b(T), thereisno need
to know an accurate potentia energy function or to
know thevaluesof thecritical constants. It can becal-
culated us ng s mplescaling congtants, whicharereadily
avalable

CONCLUSIONS

In the present work, we have successfully ap-
plied the Song and Mason EOS to metals. The cal-

Physical CHEMISTRY o

culated results agreed well with the experiment, the
obtained mean of the deviationsfor al alkali metals
and akaline earth metals were found to be of the
order of 0.63% and 2.07% respectively. The present
equation of state was further assessed through com-
parisonswith Mehdipour et a.?8 and Edami et a ./,
Also, we performed the cal cul ation of density of Al,
Bi, Pb using Song and Mason EOS. The calculated
results of aforementioned metals are compared with
experimental data®3Y, The overall average abso-
lute deviation of this EOS is 0.98%. This equation
was applied to calculate vapor density of potassium,
rubidium and cesium. The obtained mean of devia-
tion for vapor densities were 0.87%.
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