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SOUND SPRED MEASUREMENTS IN LIQUID LRAD AT HIGH TEMPERATURE AND PRESSURE*
R. S. Hixson, M. A. Vinkler and J. V. Shaner

The University of California
Los Alamos National Laboratory
PO Box 1663
Los Alamos, Nev Mexico 87545, USA

Abstract

Recently sound speed measurements in high temperature liquid lead have
been osade over a vide density range. Such measu-ements may be combined
vith other thermophysical properties measured vith the isobaric expansion
experiment (IEX) to yield several additional thermodynamic quantities.
Results of calculations based on the sound speed measurements are present-
ed, and their impact on liquid metal phenomenology is discussed.

* Vork supported by the US Department of Energy.
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1. Introduction

The measuresent of thermophysical properties of materials at very high
temperature and high pressure under laboratory conditions can be difficult.
Such high temperatures and pressures are required for the study of liquid
metals because of the location of the thermodynamic critical point.[1] The
critical point is at lov enough temperature and pressure to be studied vith
conventional static techniques for only a very fev metals (Hg, Cs, Rb and
K). Of these metals, Hg has beer studied most extensively. The estimated
location of the critical point of ?b is well above that of the above
metals, making it impossible to study fluid Pb in the criticel region
statically. Other fluid metals such as V must be studied at even higher
values of temperature and pressure.

Our technique for reaching high temperature, expanded liquid states in
metals is resistive pulee heating and can be used both above and belov the
critical point. The asetallic sample is resistively hegted in an inert high
pressure gas atmosphere over a time scale of about 107" s. Expansion takes
place along an isobaric path, so our technique is called the isobaric ex-
pansion experiment (I[EX). Details are given elsevhere.{2] During the
course of an experirent, enthalpy, temperature, and specific volume are
measured. From these quantities the specific heat at constant pressure and
thermal expansion coefficient may be calculated. Such properties of liquid
metals are needed for secveral applications, such as design and modeling of

exploding vires, foils, and fuses, and for the development of fluid metal
models.

Recently ve have begun t¢ measure sound speeds in 1liquid metal
samples. The first step in such a measurement is to generate the sound
vave. This is done by focusing n low energy lasar pulse onto a spot on one
side of the sample.{3] After the resulting stress vave (which 1is
spherically diverging and degrading into a sound pulse) traverses the
sample, it emerges on the side opposite the source and produces a small
amount of surface motion. The detection of this surface motion is the most
difficult part of the technigue. Ve have discussed various attempts to
detect this motion elsevhere. [3,4,5] Recently ve have been eble to make
lcasute!ents of the sognd speed of liquid lead over a vide density range
(5 Mg/m” < p < 10.0 Mg/m”).[6]

2. Experimental Details

The technique mentioned above for the measurement of sound speeds in
highly expanded 1liquid metals has the virtue of being simple to perform.
Details of the application of the method to collecting data in liquid lead,
as vell as limitations, are given here.

The source of the sound vave that proppgates through our sample is a
laser pulse focused onto a spot of about 1i0™" = diameter on the sample
surface. This not only results 1in a stress vave being driven into the
sample, but also causes a disturbance in the surrounding gas which
propagates outvard from
the source. This vave can clearly be seen in framing camera sequences made
during a sound speed measurement. The gas disturbance moves around the
sample and will eventually obs-vre the line-of-sight used for the sound
spred measurement. The sound speed in the surrounding gas increases vith
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increasing pressure, and the sound speed in expanded lead is decreasing
vith decreasing density. Higher confinement pressures are needed to reach
stable states at lov density, and so eventually the gaa disturbance appears
to arrive at the opposite side of the sample before the sound vave
traveling through the 8&.!1.. 3This occurs at an expansion of about
V/V, = 2.2, or p = 5.15 x 10” kg/m". Techniques to overcome this problea
are being studied, as ve are attempting reach even lower density values.

3. Discussion

The sound speed C, in liquid lead at high pressures (0.1, 0.2, and
0.3 GPa) and high temperatures (up to ~5200 K) has been measured.[6] The
results indicate that C decreases linearly vith decreasing density, and is
independent of temperature within our experimental uncertainty (i 7X). The
best fit to our present data has been found to be

C=Ap-B , (1)

vith 5 x 103 kg/m> < p < 10 x 103 kg/m> A = 0.2084, and B = 354.0. The
data along with the above fit are shown in Fig. 1.

Knovledge of C over this range of densities allows the calculation of
several thermophysical properties in addition to those normally measured.
Lead has been previously studied vith the IEX, and in addition to P, V, and
T data, it wvas found that [7]:

H
cp = [ST]p = 157 J/kgK

In this expression, T is temperature, P pressure, H the enthalpy, and
C, the specific heat at constant pressure. Ve found that C_  wvas
aBproximately constant over the entire measurement range. Ve found tRat a,
the thermal expansion coefficient, varied with temperature and pressvre.
The ‘thermal expansion coefficient may be calculated from the normal IEX
data from

Vith a knovledge of C ve can then calculate Giuneisen’s gammn,
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G " Vv 3E]v - Tﬁ: . (2)

This calculation has been performed over the relevant density range, and
the results are shown in Fig. 2.

The adiabatic bulk modulus is defined by

) 4 .
Bs = p[s;]s H (3)

but

- 3,

and so ¥F_ = pCz. Next, the fit to C has been substituted into this equa-
tion and ve find

3

Bs - Clp - Czp2 + pC3 ’

vhere C, = Az, C, = AB, and Cym 2. The adiabatic compressibility is cal-
culated from

1
Kg = 5; . (4)

The specific heat at constant volume is given by
oE
C, =
Y [ﬁ]v

From straightforvard manipulation,



cv.E___L!_z . (5)

This expression, as the preceeding ones, contains C2 and al and so the ex-
perimental uncertainties in the calculated quantities are higher than those
in the measured quantities. The values of C, over our range of data have
been calculated, and once Cy is known, we may ¥ind

Y-C— . (6)

The calculated values of v and C, are shown in Fig. 3. Since Cp ls
constant, y is proportional to the inverse of Cy as is clearly seen.

The isothermal bulk inodulus B, and coupressibility K, can be found
from

oP Bs
Pt~ p[‘a_p]t Y X

and

The var'ations of these quantities with density are shown in ?ig. 4.

From the bulk moduli wve can find equations for isentropes and
isotherms. Since
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L) 4 3 2
n! - Pli;]s - Clp - czP + PC3 ’

[g{.]s ] Clpz - C:-_p + C3 . (s)

The form of the isentropes may be found from Eq. (8) to within an integra-
tion constant. Similarly from B, the form of the isotherms may be found

aP 1 2
[53]1' Pt - Gr G

but in this case the integration is not analytic, since for liquid lead
is a function of ».

From the above calculations, we can see the value of a sound speed
measurement for finding thermophysical properties. Such measurements have
further value for a“4ressing basic physics issues.

The behavier ¢f C, over an extended density range can be estimated
from

vhere C1 is a fluid :erm, and C® is the electronic contribution. Models
have been used to approxima¥e1y calculate both of these terms [8], but
until nowv no real data existed to compare with. Pradicted sound speeds in
liquid lead based on these calculations agree only roughly with our data.
Ve are able to find values of C, wvith moderate precision based on our sound
speed measurements, and this should provide a more accurate estimation of
the contributions of ecach term to the overall value of C,.

The thermodynamic critical poirt of a materia' has a number of unusual
properties. For example, vhen the critical point is approached along some
thermodynamic path, the sound speed reaches a local minimum value, and at-
tenuation becomes very high. This has oeen observed to onccur ftor
mercury [9), and is related to the critical fluctuations. Work is ongoing
to use our technique to locate the critical point of severcl metals,
beginning vith lead.
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In liguid lsrcury Susuki, et.al., have also observed that at a density
of 9 x 10° kg/m” there is a change in slope of the sound speed-density
curve.[9] At this same point it is known that certain other properties of
mercury (such as Knight shift) also undergo a change associated vith elec-
tron localization.[1] Ve are attempting to determine if such a change
occurs in liquid lead as ve reach lover densities. If this behavior is
seen in liquid lead it vill provide a means of finding the density at vhich
electron localization occurs in metals for wvhich the temperatures are much
too high for static measurements, such as NMR studies, to be performed.
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Figure Captions

FIG. 1. Experimentally measured sound speeds
for liquic lead vs density.

FIG. 2. Values of the Gruneisen gamma calcu-
lated from experimental data plotted
against density.

FIG. 3. Calculated values of Y and y plotted
against density.

FIG. 4. Calculated values of BT and KT
plotted against density.
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FIGURE 1. Fxperimentally measured sound speeds for
liquid lead vs Jdensity.
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FIGURFE 2. Vilues of the Gruneisen gamma calculated from
experimental data plotted against density.
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FIGURE 3. Calculated values of CV and y plotted against
densityv.
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FIGURE 4. Calculated values of Br and KT plotted agalnst
density.

]
oy
Qo

0t -

1
&

001

)



