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For the use of a mercury column for precise pressure measurements — such as the
pressurized 30 meter mercury-in-steel column used at the Van der Waals-Zeeman Labora-
tory for the calibration of piston gauges up to nearly 300 MPa — it is highly important to
have accurate knowledge of such properties of mercury as density, isobaric secant and
tangent- volume thermal expansion coefficients, and isothermal secant and tangent com-
pressibilities as functions of temperature and pressure. In this paper we present a critical
assessment of the available information on these properties. Recommended values are
given for the properties mentioned and, in addition, for properties derived from these such
as entropy, enthalpy, internal energy, and the specific heat capacities.
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1. Introduction

For- the use of mercury as an accurate pressure exerting
medium, accurate knowledge of its density is essential. Abso-
lute determinations of the density of mercury at atmospheric
pressure have been made by several authors. Well-known are
the experiments of Cook and Stone,' and Cook.? Two methods
have been used: the displacement method and the content
method. The displacement method* involves the hydrostatic
weighing of a hard metal cube plunged into mercury. In the

“content method® the density is calculated from the mass of

mercury filling a hollow cube. Also one relative (to water)
content density determination has been reported.’ Relative
determinations of the density of mercury have been obtained
by comparing samples of mercury with a reference sample,
applying the displacement method®. As a fundamental refer-
ence value we use in this paper the density of mercury at
293.150 K (IPTS~48) and at 1 standard atmosphere as stated
by Cook.? The correction of the density, at the same tempera-
ture and pressure, to ITS-90 is —0.030 kg/m®. Secant coeffi-
cients of volume thermal expansion in the range 273-623 K at
atmospheric pressure have been measured by-Beattie et al.’
The isothermal tangent compressibility at atmospheric pres-
sure in the temperature range 273-343 K ‘was: measured by
Hubbard and Loomis.® The pressure dependence of density~
the isothermal compressibility ~ can be determined either
statically or dynamically. The static method, direct measure-
ment of volume change by pressure, is the one applied by
Bridgman (1911)" and Hayward.® Here, accurate determina-
tion of the isothermal compressibility is very important: at
higher pressures most of the error in the density is due to the
error in the compressibility. The dynamic method, used by
Davis and Gordon,’ is based on measurements of the velocity
of sound as a function of temperature and pressure. From
these data and known values of density pf, isobaric tangent
volume thermal expansion coefficient o, and isobaric specific
heat capacity C,§ as functions of temperature at atmospheric
pressure, the values of pj, o, and C,7 at higher pressures are
derived by stepwise intcgration using thcrmodynamic equa-
tions for (8p/dp)r, (dc/dp)r, and (8C,/0p ). Davis and Gor-
don’® used this method for determining the density of mercury
at three temperatures and pressures up to 1.3 GPa. We cor-
rected the density values of Davis and Gordon by comparing
their isothermal secant bulk modulus at a certain temperature
and pressure with a highly accurate secant bulk modulus at the
same temperature and pressure measured by Hayward.?

The values of the density of mercury at 293.150 K and one
standard atmosphere reported-in the literature are evaluated.
We consider the possiblc effects of impuritics and refer to the
influence of changes in the abundances of isotopes with re-
spect to the density. We mention our purification method anda
simple but highly effective criterion for the purity of mer-
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cury. The density of mercury in the temperature range 293 —
323X and the pressure range 0 — 300 MPa is calculated. A
double polynomial equation for the density of mercury is
applied to calculate thermodynamic properties, which can be
considered as recommended values. These values are com-
pared with experimental values reported by Bridgman
(1911),” Bett, Weale, and Newitt,'® Stallard, Rosenbaum, and
Davis, Jr.,'! and Grindley and Lind, Jr.,'? with values stated in
a review monograph by Vukalovich ef al."® and with theoret-
ical values calculated by Kumari and Dass."*

2. Density of Mercury
2.1. Introduction

The volume V7 and density p; of mercury at a temperature
T and at an applied pressure p can be represented by

VI=V® 1 +a& (T T)Xi— &p) M
and

pp =08/ (1 + & (T— To))(1-& p) @
where:

the temperatures 7" and T, = 273.15 are expressed in K,
and the applied pressure p in MPa, ,

&  is the isobaric secant volume thermal expansion coeffi-
cient, which is in general for applied pressure p de-
fined as

_ V-V _ (R —ep)

= I'= =
o = secant o, = V;" T-To) p,’f (T- To) ®

K is the isothermal secant compressibility coefficient, i.e.

Rk = secant k; = (V§ — V) / (Vi p) =
(; — D) / (P P)- @

At atmospheric pressure, thus when the applied or gauge
pressure is zero, Egs. (1) and (2) are written:

Vi=VP (1 +a(T- Ty )]
and
pi=p%/ (1 + & (T- To) 6

where:
& = secant of

All temperatures in this paper are expressed in terms of K on
ITS—90, unless stated otherwisc. For the transformation of
temperature values from ITS-27 into ITS-48, from IPTS—48
into IPTS—68 and from IPTS—68 into ITS-90, we consulted
respectively the papers of Corruccini,”® Barber,'® and Preston-
Thomas."” As was the case for the IPTS-48 with respect to
ITS-48, the amended Edition of 1975 of the IPTS-68 intro-
duced no numerical changes."”

809
2.2. Reference Density at 293.150 K

Cook and Stone' and Cook” have reported two complemen-
tary absolute measurements of the density of mercury at
293.150 K (IPTS-4R) and at 1 standard atmosphere. In the
first paper the density of mercury was measured by a method
consisting of two weighings. In the first weighing the mass of
a hard metal cube of known volume is determined. In the
second weighing the apparent mass of this cube immersed in
mercury is determined. This method is called the displace-
ment method. In the second paper the density of mercury was

 calculated from the mass of mercury filling a hollow cube
~ formed of optically worked blocks of fused silica with known

internal dimensions, which could be measured by optical in-
terference. This pycnometer procedure is called the content
method. Cook’s experimental paper’ contains also a survey
and evaluation of his experimental results, using both meth-
ods."? As mean density, at 293.150 K and one standard atmo-
sphere is found:

P15 — 13545.854 kg/m’ M

with a standard deviation of 0.003 kg/m>. Cook? states that
there is a high probability that the density of any sample of
pure mercury will be within 0.015 kg/m® of this value. The
value quoted above is obtained upon conversion from
293.150 K on IPTS-48 to0 293.150 K on ITS-90. The conver-
sion of the value of the density at 293.150 K from IPTS-48
into ITS-90 is taken from Ambrose'?; the conversion from
1P1S-48 into 1PTS-68 from Chattle.”” Our corresponding
value at 293.150 K on IPTS-68 is the same as in the more
detailed Table of Chattle' (range 273.15-313.15K) and in
the Table of Ambrose (1976)% (range 253.15-573.15 K), both
derived from the same sources: Cook® and Beattie ef al.’ This
value is also adopted by the Comité International des Poids et
Mesures (CIPM) (Barber'®) and by the State Committee for
Standards at the Board of Ministers of the Soviet Union
(Adametz?").

In Table 1 we present the mean values of one relative and
six absolute density determinations of mercury.*'??2#21.2¢ [
this table we also mention the method applied, the relative
uncertainty, and, for the investigators®*'?* of the
Physikalisch-Technische Bundesanstalt (PTB), the number of
samples to differentiate the mean value found by each author.
Remarkable is the excellent agreement in mean value between
the measurements of Fiirtig? and the three more recent mea-
surements of Adametz and Wloka.?*

Kuzmenkov® claims the use of a fundamentally new abso-
lute method for the determination of the density of mercury.
A cube of known volume and mass is put in a pycnometer,
which is additionally.filled with mercury. The pycnometer is
weighed when filled with the cube and mercury, and when
filled with mercury alone. We consider this method as a
hybrid of the two methods mentioned above.

Long-term stability of the density of mercury is very im-
portant. Patterson and Prowse® made a study of two pairs of
mercury samples (not mentioned in Table 1), which both have
been compared over a long period with the Australian refer-
ence sample NSL, measured by Cook.? The origin or source,

J. Phys. Chem. Ref. Data, Vol. 23, No. 5, 1994
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the method of cleaning, and the storage conditions of all the
mercury samples used in this investigation are extensively
reported (Patterson and Prowse®). The first comparison ex-
tended over four years and the second over twenty-eight
years. Patterson and Prowse state that both separate pairs of
mercury samples failed to show a statistically significant
change in density during long-term storage. Of course, it is
possible that two samples of a comparison pair changed by
about equal amounts in the same direction but, according to
the authors, this is unlikely, due to differences in preparation
and storage conditions.

From Table 1 we note that the differences of the density
values with respect to the reference value of Cook® vary
from— 0.05 kg/m’ to + 0.03 kg/m?. The differences are larger
than the uncertainty of 0.015 kg/m® estimated by Cook.? Due
to the influence of chemical impurities and variation in iso-
topic content on the density of mercury,' it is necessary for
accurate work, where the relative density needs to be known
to better than a few times 107%, that the density is measured
absolutely (e.g. Cook?) or relatively by comparing the sample
to be measured with a sample that was earlier measured abso-
lutely (e.g. Patterson and Prowse?).!***

In our 30 m mercury column we use mercury that has been
thoroughly purified by a process developed by Michels.” In
the first phase of this process tiny droplets of mercury drift
slowly down in long tubes containing, successively,
petroleum ether, a solution of Hg(NOs),, and a 15 percent
solution of HNOs. By this procedure most of the amount of
base metals (such as Zn, Cd, Pb, and Cu) is dissolved. In the
second phase the mercury is distilled four times at a low
pressure of a few torr. Metals more noble than mercury (such
as Ag, Au, and Pt) remain in the still while the yet remaining
base metals are oxidized. Oxides of base metals are ‘‘deaden-
ing’’ the surface of mercury; appearance and mobility of
mercury are changed. Surface behaviour of mercury is an
extremely sensitive criterion of its purity; impurities in con-
centrations of 0.1 ppm can be easily recognized as discussed
by Wichers” and Gordon and Wichers.”® Two analytical
atomic spectrometric methods were applied to examine our
mercury. First an.emission method (d.c. arc) was used for a
qualitative analysis. All elements were found to be below the
detection limit. The second method was an absorption
method; it uses a graphite-furnace atomic-absorption spec-
trometer (GFAAS) for a quantitative analysis. All important
metals turned out to be below the determination limit, so the
investigation was confined to a semi-quantitative one. The
results in ppb (parts per billion) are presented in Table 2.

The amounts of impurities mentioned in Table 2 are, ac-
cording to Cook and Stone,' less than that which might pro-
duce a change of 0.014 kg/m’ or relatively 1X107¢ in the
density ‘of mercury. The density of our mercury has been
determined by CSIRO, Division of Applied Physics, Sydney,
Australia. This determination, carried out by Patterson and
Prowse®, has been based on a relative displacement method,
where the unknown density is compared with the density of a
reference sample, i.e. the NSL sample of Cook.? It was found
that the density of our mercury at 293.150 K and one standard
atmosphere is 0.002 kg/m® or 0.15X 107° Jower than the value
of Cook? as mentioned in Table 1..

J. Phys. Chem. Ref. Data, Vol. 23, No. 5, 1994

2.3. Isobaric Thermal Expansion

Cook? reviewed. the published data on the isobaric secant
volume thermal expansion coefficient of mercury and con-
cluded that the equation given by Beattie et al.’ is the most
reliable of the published formulations. This equation for the
isobaric secant volume thermal expansion coefficient &, is
only valid at atmospheric pressure (applied or gauge pressure
is zero); we refer to Eqgs. (5) and (6). The data of Beattie ef al.’
have been refitted by Ambrosc!® for temperatures in °C on
ITS-90; we transformed his equation for temperatures in K on
ITS-90:

& = 182.3887X107¢ - 1.01689%x 1078 T + 2.2231x10~1
T2 + 1.5558%10°"* 13 8)

where:
TisinK and & is in K™},

the range of the temperature is 253-573 K.

We calculated the standard deviation of & out of 9 measure-
ments from Beattie et al .’ as 0.008X 1075 K.™! Applying Egs.
(6) and (8) and the value for p3*'* (7) one obtains

P10 = 13595.08 kg/m’. )

Ambrose'® estimated that the errors in the density are likely
to be within 0.02 kg/m’ in the temperature range 273K to
283 K and 303 K to 323 K, and within 0.01 kg/m® over the
range 283 K to 303 K. Outside these ranges the probable error
strongly increases.'®

Four versions of the isobaric volume thermal expansion
coefficient may be defined; here they are indicated by a;, o,
a3, and a,. Though we never read a paper in which o, was
used, we discuss it here for theoretical reasons. Unfortunately
the use of a, is a real possibility. The coefficients o; and o,
are secant a’s; the coefficients a; and a4 are tangent a’s.

1. The coefficient o; - :

The coefficient a, is identical to the isobaric secant volume
thermal expansion coefficient &, defined by Eq. (3). In anal-
ogy to Eq. (8) for atmospheric pressure, one can write, in
general,

=g+ T+a, T +a, T (10)
where:
Tisin K

with pressure dependent coefficients a, through a;, so that
VI=VI 1+ o (T— To) (11)

where:
absolute temperature T, = 273.15K.

2. The coefficient «; -
The coefficient a5 is also a secant a, which is defined as,

= (V; = V)9V, (T- To) (12)
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so that
awp=0o;/ (1 +o; (T— Ty) (13

3. The coefficient o
The coefficient w; is a tangent o, which is defined as,

oz =(1 / VIO)aV] 1 dT), (14)
so that )
a3 = d(ay (T— Tp)) / aT), (15)
or,
as = oy + (T— T)Bay / aT),. (16)

4, The coefficient o -
The coefficient a4 is identical to the isobaric tangent
volume thermal expansion coefficient o as used in this
paper. Because -

‘o4 = o = tangent o = (1 / VD)@V / aT),

=— (1/ p§)3p; / 9T), amn
so that :

ag=as/ (1 +oy T— T,). (18)

Trom Egs. (10), (13), (16), and (18) we conclude that at an
" applied pressure p and. T =T, = 273.15K

0] = Q2 = Q3 = Oy, : (19)

From the definitions for «;, o, a3 and oy it is evident that

the secant ay and the tangent «; are increasing functions of the
temperature, while in'our temperature range of 293-323 K
the secant o, and the tangent o, are decreasing functions of
the temperature.This behavior can also be deduced from
Table 3, where the results of the four isobaric volume thermal
expansion coefficients are given for the temperatures that
Davis and Gordon® used in their measurements.

The coefficient a is used by Beattie ef al.’ and Ambrose'®;
a3 by Beattie efal.,’ and a, by Davis and Gordon® and in
theoretical studies. The possible use of these four different
isobaric volume thermal expansion coefficients may lead to
confusion. Therefore, we strongly advocate to use only the
secant o; and the tangent oy, in this paper usually called & and
o, respectively.

2.4. Isothermal Compressibility

In analogy with the isobaric volume thermal expansion
coefficients ay, oz, o3, and @, we define isothermal compress-
ibility coefficients ki, K2, K3, and k4 and their reciprocals, the
isothermal bulk moduli K}, X;, K3 and K,. The coefficients ,,
Kk and the moduli K, and K, are secant quantities; the coeffi-
cients K3, k4 and the-moduli K; and K, are tangent quantities.

1. The coefficient «;
The coefficient k; is identical to the isothermal secant
comprcssibility K, defined by Eq. (4).

2: The coefficient «,
The coefficient k. is also a secant k, which is defined as.

Ke=(VI— VD) / (VIp) (20)

3. The coefficient «;
The coefficient ks is a tangent Kk, which is defined as,

k3= — (1/ VEXOVI/ dp)r 1)
4. The coefficient x4
The coefficient k, is identical to the isothermal tangent

compressibility as used in this paper. So,

Kq = K = tangent Kk} = — (1 / VI)@VZ / dp)r
= (1/pp)@py ! dp)r (22)

From the above given definitions for k, through x, it follows

‘that all «’s are identical at atmospheric pressure (applied

pressure p = 0)
Ki = K3 = K3 = Kq (23)

We believe that ks, K3, Ky, and K; are — like o and a3 —
confusing and completely redundant. Again we strongly
prefer the use of x; and K as the isothermal sccant compress-
ibility & and the isothermal secant bulk modulus K, and the x4
and K, as the ‘isothermal tangent compressibility x and the
isothermal tangent bulk modulus K. The quantities k;, K;, and
o, are mean values as.they are measured; ks, K4, and oy are
truevalues as they are calculated. There is no scientific neces-
sity for other quantities.

The values for the isothermal secant bulk modulus K of
mercury are from the work of Hayward® and of Davis and
Gordon.” Hayward used a direct static method; he determined
the isothermal secant bulk modulus of mercury for one single
point at 293.145K and at an applied pressure of 19.2 MPa
with a claimed uniquely high accuracy of within-0.4%, so we
use it as a reference against the isothermal secant bulk mod-
ulus of Davis and Gordon,’ calculated by us at precisely the
same temperature and pressure from Davis and Gordon’s
density values. They used an indirect, dynamic method; their
density determinations of mercury were based on precision
ultrasonic-velocity measurements and:thermodynamic data,
with an uncertainty of 0.8%, for three temperatures and pres-
sures up to 1.3 GPa, starting with the sound-velocity values at
atmospheric pressure, taken from the work of Hubbard and
Loomis.® We consider the single value for K, taken from
Hayward, as the most accurate known value for the isothermal
secant bulk modulus. Therefore, in order to determine the
most accurate value for K, we combine Hayward’s K with
Davis and Gordon’s K, calculating the weighed mean in rela-
tion to the claimed accuracies.

The calculation of the K of Davis and Gordon® at the
above-mentioned temperature and pressure has been: carried
out as follows. From the values of the density p; at 295.037,
313.630, and 326.026 K, we calculate the ‘isothermal secant
bulk modulus K from 100 through 300 MPa. For the calcula-
tion of K at atmospheric pressure, we express the density p;
for the three above-mentioned temperatures:

pl=a+bp+cp?+dp’ 24
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where the coefficients are temperature dependent. At zero
pressure we obtain

K=a/b. (25)

For each of the four pressures (0, 100, 200, and 300 MPa)
the value of K for 293.145 K is computed by a temperature
extrapolation based on a second degree polynomial in T.
Through the four K values at 293.145 K a third degree pres-
sure polynomial,

K =24952.2
+ 4.7980 p— 9.53X107° p* — 4.93X107% p°, (26)

is obtained, where K and the applied pressure p are in MPa.
This equation is represented by the dashed curve in Fig. 1. At
an applied pressure of 19.2 MPa Eq. (26) yields-a value for K
of 25044 MPa, which is shown by an open triangle in Fig. 1.
At an applied pressure of 19.2 MPa and the same temperature,
Hayward found 25170 MPa, shown by a filled square in Fig.
1. The difference between the value of Hayward® and Davis
and Gordon® is 0.5%. The accuracy.of Hayward’s result is
estimated to be twice that of Davis and Gordon.’ If we apply
this estimate, we find the weighed :mean point of K at
293.145K and 19.2 MPa applied pressure -as (2X25170 +
1X25044) / 3 = 25128 MPa. The. corresponding point in
Fig. 1 is indicated by an open circle. Subsequently we assume
that the final curve, for K versus p, shown by a solid curve is
obtained by a parallel shift over 84 MPa of the dashed curve
of Davis and Gordon® towards the weighed mean point. Fur-
thermore, we assume that for all temperatures in the range
293-323 K and-all the applied pressures in the range 0~400
MPa, the values for K of Davis and Gordon® must be in-
creased by 84 MPa. The corrected values for the isothermal
secant bulk modulus K at the measured temperatures of Davis
and Gordon® are given in Table 4. To avoid errors on the
boundary of 300 MPa, we include the experimental point of
400 MPa, also taken from the work of Davis and Gordon’
only for the. calculation of our Equation of State.

2.5. Density of Mercury

The corrected values for the density of mercury are calculated
from Eq. (27).

pr=p5/(1- p/K), 21

where K is the corrected isothermal secant bulk modulus.
The results are given in Table 5.

Comparing the original values of the density as stated by
Davis and Gordon® with the values in Table 5, we see that the
corrected values in the range 0-300 MPa are up to 0.53 kg/m’
or relatively 40X1075, lower, except of course at 0'MPa.

Finally, through the fifteen values of the density p} given in
Table 5 and additionally nine values of the density at atmo-
spheric pressure in the temperature range 293-333 K accord-
ing to Ambrose,'® we calculated a double polynomial fit with
eight coefficients, Eq. (28). The values of the density coeffi-

cients Cy; arc given in Table 6, where T is-in K and the applicd
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pressure p in MPa. The calculated RMS deviation of pj in
Egq. (28) is 0.000 kg/m® or relatively 0.6X107°, By computa-
tion of the (3p/dp)r we also calculated the RMS deviation of
the applied pressure p: 0.015 MPa.

pp = ZiCi T p’ (28)

The recommended values for the density of mercury, calcu-
lated with Fq. (2R), for temperatures hetween 293 and 323 K
and applied pressures between zero and 300 MPa are given in
Table 7.

2.6. Estimated Relative Accuracy of the Density

The uncertainty of the temperature is estimated at 0:.01 K
and the relative error in the isothermal secant compressibility
& is taken® as 0.5% in the range 0—~100 MPa, increasing to
0.65% at 400 MPa. With these uncertainties as well as with
the errors for & and p3’>1*° given in Sec. 2.3. of this paper we
calculated, applying Eq. (2), the estimated relative accuracy in
the density p2>*'*°, The result is given in Table 8. The standard
deviation of the density p7 is, assuming that there is no corre-
lation, the square root of the sum of square standard devia-
tions of the quantities (each multiplied by a square factor)
forming the density p;. The sum of the percentages of these
square values gives 100% with respect to the total square
standard deviation in the density p;. However, when stating
linear percentages the phenomenon arises that this sum be-
comes more than 100% (at 100 MPa:. 117%). Nevertheless,
we prefer to give in Table 8 linear p ercentages. Only squaring
the linear percentages mentioned in this-Table gives the
above mentioned square situation, From Table 8 we conclude
that inaccurate isothermal compressibilities are by far the
largest problem in reaching accurate densities of mercury at
higher pressures..

For practical purposes, the relative accuracy in:the density
p213 is, in the pressure range 0~400 MPa,in good approxima-
tion represented by

dpg%.ls / pP293.l5 = 0-377 P} e (29)
where: ‘
dp?*15 1 pP3¥ is in 1X 1075,

p in MPa and e is the percentage errof in K.

3. Thermodynamic Properties and
Recommended Values for Mercury

3.1. Calculation of the Isobaric Volume Thermal
-Expansion Coefficients

In this section we calculate the isobaric secant.and tangent
volume thermal expansion coefficient and determine the rela-

_ tionship between both in- a special case. Applying Egs. (3),

(17), and (28) we compute the isobaric secant volume thermal
expansion coefficient & and the isobaric tangent volume. ther-
mal expansion cocfficient o as
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& (Tp) =— (Cro+ Coo T+ To) + Cyy p + Ci2 p*) / 9}, (30)

and

[+ (T,P) = (Clo + 2 Czo T+ C” D+ Clz p2 ) / pz . (31)

From Egs. (30) and (31) it follows that in case p; depends
linearly on the temperature [in Eq. (28) coefficient C;; = 0 for
i = 2], then at all temperatures
aTp)=a@p)=—(Co+Cyup+Cup®)p. (32
In Tables 9 and 10 we give recommended values for the

isobaric secant and tangent volume thermal expansion coeffi-
cient, & and a respectively, calculated with Egs. (30) and (31).

3.2. Calculation of the Isothermal Compressibilities

In this section we calculate the isothermal secant and tan-
gent compressibility and determine the relationship between
both in some special cases. Applying Egs. (4), (22), and (28),
we compute the isothermal secant compressibility & and the
isothermal tangent compressibility k as :

l—((T,p) = (Cm + Cu T+ Coz p + Cl2 Tp + C03 p2 )/ p;(33)
and

K(T,P)=
(C[)] +C11 T+2C02p+2 C12 Tp+3 C03p2)/p17,.. (34)

So, at atmospheric pressure, p = 0 MPa,
R(T0) = k(T,0) =(Coy + C1y T) / pi . (35)

It follows from Eqs. (33) and (34) that in case p} depends
linearly on the applied pressure [in Eq. (28) coefficients C;; =
0 for j = 2], then at all pressures

R(T,p) = k(T,p) =(Co + Cuu T) / p} . (36)

The identities in Eqgs. (35) and (36) for the isothermal secant
and tangent compressibility are also valid for the isothermal
secant and tangent bulk modulus; of course with reciprocal
terms and results on the right of the equations. In Tables 11
and 12 we give recommended values for the isothermal secant
compressibility K and the isothermal tangent compressibility
Kk, calculated with Eqs. (33) and (34). Since the accuracy of
the isothermal compressibilities nowadays is at most 0.5%,
there is no significant difference in values of the isothermal
secant compressibility in the temperature range 293-323 K
and the pressure range 0-300 MPa with respect to the temper-
ature scales ITS-27, IPTS-48, IPTS-68, and ITS-90. This
statement is also valid for the isothermal tangent compress-
ibility.

3.3. Calculation of Thermodynamic Properties

From the Equation of State, Eq. (28); from values for the pd

given by Ambrose'® and from values for the isobaric specific-

heat capacity C,§ as a function of temperature T at atmo-

spheric pressure, given by Douglas ef al.** thermodynamic
parameters can be computed from thermodynamic identities.
We calculate recommended values for the entropy S, the
enthalpy H , the isobaric specific heat capacity C,, the internal
energy U, and the isochoric specific heat capacity C,; as a
function of temperature and applied pressure. For this purpose
we calculated a third degree least squares polynomial in T
(Eq. 37), using the C,} values of Douglas et al.*' at atmo-
spheric pressure (applied pressure p = 0) in the range of
253-473 K. ~

Ch=Ao+ A T+A T*+ A, T (37
where:

C,§is in J’K™' kg™', and tetiperature T is in K.

Ay = 152.2958; A, =— 0.0610935; A, = 5.66063)(10'5 ;
As =—2.704X107°. The estimated uncertainty of C,} is 0.4
J K" kg™! or 0.3%". The standard deviation of our fit is
4X10* K kg '

T . I3 .
j T G5 dT+ f (3S/9p)rdp0  (38)
.0

298.15

(8S/0p)r =— olp (39

T 8.15
ST — SEBY

where:

and S$**¥ is put equal to zero.
T

f CLdT + f (3H/3p)r dp0  (40)

298.15

T _ 298.15 _
HT — HPS =

where:
(6H/8p)r=(1— T a)lp 41)
and H*™" is put equal to zero.
Crp=Cro + f (8C,/dp)r dp0 (42)
0
where:

(8C,/8p)r == (Tlp) [23p/dTY; / p* — (8°p/8T* ),/ p).
' (43)

The integrations with respect to the temperature T at p = 0
MPa can be performed analytically from Eq. (37); the integra-
tions with respect to p were performed numerically with
Simpson’s method. The internal energy U is calculated from

Up=H; = (@+po)/p; 44

where: (p + po) is the absolute pressure, po being 101325 Pa.
The isochoric specific heat capacity C, is calculated from

Cp = Cop — T(3p/3T); / p* (3p/3p)r - “45)
The results for the entropy, enthalpy, C, , internal energy,
andC, are given in the Tables 13, 14, 15, 16, and 17, respec-

tively. To get some insight in the precision of the calculated
thermodynamic quantities, we constructed a perturbation at
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random on the recommended pj values, which have a relative
RMS deviation of 0.6 107, We obtained for &, x, C, and C,
a relative RMS deviation of 273X 107¢, 233X 107, 46X 1075,
and 122X 107, respectively. Note that the relative RMS devi-
ations for k and x are roughly the same.

3.4. Recommended Values

Recommended values are given in Tables 7 and 9-17. All
temperatures are in K ITS-90.

3.5. Remark

All relative differences between values of authors and our
recommended values are in this paper calculated in the same
way. For the isothermal tangent compressibility k: (Kaynor —

Krecommendsd value) / Krecommended valuee

4. Comparison of the Recommended
Values for Mercury With Data in Literature

4.1, Isothermal Tangent and Secant Compressibllity
at Atmospheric Pressure

From velocity of sound measurements at atmospheric pres-
sure, by several authors the isothermal tangent compressibil-
ity k was determined by us. In all cases we recalculated the
values for k from the experimental velocity of sound data and
the thermodynamic data mentioned below. In order to make a
relevant comparison possible, we always used thermody-
namic data from the same sources. The k at atmospheric
pressure is computed according to

k=1/(5v?)+a® T/ (p§Cyl) (46)

where:
kis the isothermal tangent compressibility in Pa™,
pbis the density at atmospheric pressure in kg/m’,
vis the velocity of sound in m/s,
ais the isobaric tangent volume thermal expansion coeffi-
cient at atmospheric pressure in K™,
Tis the absolute temperature in K,
C,5is the isobaric specific heat capacity at atmospheric
pressure in J-K™! kg™'.

The results for the isothermal tangent compressibility are
represented by a least squares polynomial in the temperature
T, where in some cases, in view of the value of the standard
deviation of the linear fit, it was necessary to use a quadratic
fit. In the following equations the isothermal compressibility
is expressed in MPa™! and the temperature 7' in K. Before
‘paying attention to the dynamic isothermal tangent k equa-
tions at atmospheric pressure we mention a few secant &
equations at atmospheric pressure based on the static method
of isothermal compressibility determination. We stress that at
atmospheric pressure (applied pressure p = 0) the tangent k
and the secant K are equal; we refer to Eqgs. (23) and (35).
Behind the author’s name the temperature range used is men-
tioned.
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4.1.1. Static Measurements

Bridgman (1911)(a)™* ; temperature range 273-295 K:
K = 2.0178X107° + 67.557 X107° T 4n

Diaz Pefia and McGlashan®*; temperature range 283328 K:
K = 2.840X107° + 40.22X10~° T (48)

Stallard, Rosenbaum, and Davis'' ; temperature range 293—
363 K »
K = 2.6325X107° + 47.391X10~° T (49)

Grindley and Lind, Jr.'? ; temperature range 303-423 K:
k =8.106X107% + 148.749X107° T—13.6176X107!! T*?
(50
4.1.2. Dynamic Measurements

Hubbard and Loomis®; temperature range 273--343 K:
K = 2.8714X1075 + 30.922X107° T + 27.75X107** T% (51)

Kleppa® ; temperature range 323-423 K:
K =2.05X107° + 64.8X107° T (52)

Golik, Kassen and Kuchak™ ; temperature range 293-373 K:
K = 3.0290X 107 + 24.865X107° T + 29.48X107"2 T* (53)

Hunter, Welch, and Montrose® ; temperature range 298-
403 K:
K = 2.7484X107% 4+ 32.125X107° T + 36.31X107"2 T? (54)

Seemann and Klein® ; temperature range 253-333 K:
K = 2.8224X1073
+ 34.240%107% T+ 21.79x 10712 72 (55)

Hill and Ruoff®” ; temperature range 303~470 K:
K = 2.4552X1075 + 52.898X107° T (56)

Coppens, Beyer, and Ballou® ; temperature range 303-472 K:
Kk = 3.0077X1075+ 23.599X107° T + 37.090%x 1072 T? (57)

Tilford” ; temperature range 294-302 K:
K =2.8518X1075 + 33.407X107° T + 21.68X107'2 T? (58)

Using our Equation of State (Eq. 28) we first computed the
isothermal tangent and secant compressibility (which are nu-
merically the same at atmospheric pressure) as a function of
temperature at atmospheric pressure. Then we calculated a
second degree polynomial in T through the compressibility
points, so deriving a recommended equation (Eq.59) for the
isothermal tangent and secant compressibility at atmospheric
pressure in the temperature range 293-323 K:

K = 2.7018X1075 + 41.909%X107° T + 7.52X 1072 T?* (59)
For a comparison at atmospheric pressure of the vaiues of

the isothermal tangent and secant compressibility of Hubbard

*We refer to Sec. 4.3.2.
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and Loomis,® Coppens et al.,”® Grindley and Lind, Jr.,' and
our recommended values from Eq. (59) we refer to Fig. 2; for
an analogue comparison between Bridgman (1911),” See-
mann and Klein,*® Diaz Pefia and McGlashan,” and our rec-
ommended values from Eq. (59) we refer to Fig. 3.

4.2. Error in Isothermal Tangent and Secant
Compressibility and in (9x/dT), and (0x/9T),
at Atmospheric Pressure

First we briefly discuss errors occurring in the dynamic
method. Several authors claim a precision / uncertainty for the
velocity of sound in mercury of about 200X107 , except
Tilford® who gives an uncertainty of 10X107° . The uncer-
tainty of k in Eq. (46) [when estimating the uncertainty in the
velocity of sound at the usual claimed value of 200X1079] is
for over 50% caused by the uncertainty in the following
thermodynamic data: the isobaric specific heat capacity
C,L, the isobaric tangent volume thermal expansion coeffi-
cient o, the density pg, and the absolute termperature 7. The
uncertainty in these thermodynamic data is for over 90%
caused by the uncertainty in the C,5. Calculating the precision
at atmospheric pressure of the isothermal tangent ompressibil-
ity  in Eq. (46) we found about 0.002X10~° MPa™' or about
0.05%. However, according to Hayward,™ an accuracy of 1%
is the ‘most that can be reached for values of the isothermal
compressibility, derived from velocity of sound measure-
ments. In Table 18 we give the difference in isothermal tan-
gent and secant compressibility at atmospheric pressure be-
tween the values of the authors mentioned above and our
recommended values at 293.15 and 323.15 K. Also the ap-
plied method is given. The difference between the mean val-
ues of the isothermal compressibilities at 293.15 and
323.15 K. of the authors and our recommended values is 0.4
and 0.6%, respectively. Our estimated accuracy for the
isothermal tangent and secant compressibility at atmospheric
pressure in the temperature range 293.15-323.15K is 0.5%.
In Table 19 we provide, by stating values obtained by both
methods, a comparison at atmospheric pressure of the deriva-
tives (9x/0T), and (9K/aT), at — where measured — 293.15,
303.15, 323.15, and 423.15K between several authors and
our recommended values. Also the relative standard devia-
tions (1o) with respect to the mean values are mentioned.
Using the thermodynamic identity

(0x/0T), == (3a/3p)r (60)
we calculate the isobaric tangent volume thermal
expansion coefficient o at higher pressures. Eq."(60) may be
used for the density determination at higher pressures accord-

ing to the dynamic method (Davis and Gordon®).

4.3. Comparisons at Higher Pressures
4.3.1. Introduction

Bett, Hayes, and Newitt* published in their paper a critical

review and comparison of results of isothermal compressibil-
ity determinations of mercury at 293.15 K from the end of the

19th century till 1950. Hayward® compared and briefly dis-
cussed the results of ten isothermal secant compressibility
measurements of mercury; eight have been carried out ac-
cording to the static method and two according to the dynamic
method. Hayward’s values at 293.15 K scatter over a band
just under 10% wide. ,

For our comparisons at 293.15 K we confine ourselves to
the results of six papers: Bridgman (1911)" (a), Bett, Weale,
and Newitt,'® Stallard, Rosenbaum, and Davis, Jr.,'" Grindley
and Lind Jr,"* Vukalovich et al.,”* and Kumari and Dass."

4.3.2. Bridgman (1911)*

Bridgman (1911)", who used a static method, discusses
only volumes and volume differences; hence: all isothermal

" secant and tangent compressibilities and densities of mercury

were calculated by us. Values in his paper are mentioned in
several places;.these values, however, may. show differences
varying from zero up to 0.6% and even more. We adopted the
values which Bridgman states (o be ‘more accurate’; we call
them the (a) values. The isothermal secant compressibility & .
is calculated in the usual way; the isothermal tangent com-
pressihility k is dednced from the secant one by the following
equation

k.= (k +p (dr/dp)) / (1— K p) 61)

where p is the applied pressure; this equation may be derived
from Eq. (2). For a comparison of &, k and p] between the
results of Bridgman (1911)(a) and our recommended values
we refer to Figs. 4 through 7. It is of interest to compare the
precision of the isothermal secant K and the isothermal tan-
gent x at the same applied pressure p and temperature 7. We
investigated this problem by constructing a perturbation on kK
in Eq. (61), varying from 1 to 10% in the ranges 293 to 323 K
and O to 300 MPa. It was found that the precisions of k and
k were practically the same. This result is in agreement with
the remark at the end of Sec. 3.3.

4.3.3. Bett, Weale, and Newitt

Bett, Weale, and Newitt'® published revised values for the

" isothermal sccant compressibility of liquid mercury from 243

to 423 K and up to 1176 MPa. These values have been ob-
tained by using the equation of Hudleston to: correlate the
static secant measurements of Bridgman (1911)" with the
dynamic tangent determinations at atmospheric pressure of
Hubbard and Loomis,® supplemented - with one value
of Kleppa.®® In Figs. 8 and 9 we show the isothermal secant
and tangent compressibility, respectively, as a function-of the
applied pressure. In Fig. 10 we give the percentage difference
of the isothermal secant and tangent compressibility between
the values of Bett, Weale, and Newitt and our recommended
values. In Fig. 10 we also give the relative standard deviation

“An unpublished paper, containing 2 critical, more detailed analysis of the
compressibility measurements of liquid mercury up to 700 MPa, stated in
the paper of Bridgman (191 1), has been written; it is available at the Van
der Waals-Zeeman Laboratory.
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{(10) of the isothermal secant compressibility as a function of.
applied pressure as calculated by Bett, Hayes and Newitt.”
The values of the isothermal compressibilities of Bett, Weale,
and Newitt!® and our recommended values are correlated:
both partly depend on Hubbard and Loomis.®® The use of
empirical compressibility equations for liquids (e.g. Tait,
Hudleston, MacDonald) has been critically discussed by Hay-
ward. ¥

4.3.4. Stallard, Rosenbaum, and Davis, .Jr.

Stallard, Rosenbaum, and Davis, Jr.!* measured compress-
ibilities from 293 to 363 K and over a pressure range of 0-200
MPa. Careful study of their paper convinced us that the men-
tioned isothermal compressibilities were isothermal rangent
compressibilities; by integrating we calculated the isothermal
secanr compressibilities. Their measuring device consists of
two connected similar cylindrical tubes, which are filled with
mercury. In the first tube the velocity of sound is determined
by measuring the time of flight of an ultrasonic pulse over a
path of known length; in the second tube the time of flight is
measured again. Using the just calculated velocity, the vari-
able height of the mercury column in the second tube can be
computed. So in essence they used a static method. Though
we believe that their results at higher pressures are low, we
nevertheless have the opinion that they used an ingenious
method. For a comparison of the results of Bett, Weale, and
Newitt,'° Stallard ez al.,"" and our recommended values, we
refer to Figs. 8 and 9.

4.3.5. Grindley and Lind, Jr.

Grindley and Lind, Jr.," using a static method, measured
pVT properties of mercury and report densities as a function
of pressure and temperature. From these values we calculated
the isothermal secant and tangent compressibilities. The
isothermal tangent / secant compressibilities on the isobar at
atmospheric pressure as a function of temperature of Hubbard
and Loomis,® Coppens et al.*® and Grindley and Lind, Jr." are
compared with our recommended values in Fig. 2. For further
comparison of the results of &, k, and p} — and the relative
differences between both k’s, k’s and p? ’s — from Bridgman’
and Grindley and Lind, Jr.!? and our recommended values we,
again, refer to Figs. 4 through 7. Above-mentioned values at
293.15K of Grindley and Lind, Jr.”? are extrapolations as
carried out by us in this paper. Remarkable is the good agree-
ment at 293.15 K in isothermal compressibilities and density
between the values of Bridgman (1911)(a) and the values of
Grindley and Lind, Jr."?

Grindley and Lind, Jr.", stating that the pressure is mea-
sured on a Harwood manganin gauge, which is periodically
calibrated at the freezing point of mercury at 273.15 K, using
the international standard of 756.9 MPa (located to *= 0.15
MPa), claim a precision of measurement of 0.02 MPa at all
pressures. In their Table III Grindley and Lind, Jr."? present
a nine-parameter double polynomial Equation of State, pea.
(T,p). We investigated the fit of this function to all of the
(,T,p) data of their Table II; the standard deviation of the
pressure Ap = p— pey. (T,p) was found to be 0.86 MPa (the
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largest lApl is about twice that); the relative standard devia-

_tion of the density, calculated by

10%Ap? / ph = 10%Ap / (pF-dpeac / 3p} ), (62)

yielded 32X107¢ . For the RMS difference between the values
of thermodynamic properties of mercury of Grindley and
Lind, Jr."? (calculated by us in the same way as our thermody-
namic properties, for the same temperature and pressure
range) and the recommended values, we refer to Table 20. For
the values of the C, at 303.15 K as a function of the specific
volume from Grindley and Lind, Jr."> compared with our
recommended values, wé refer to Fig.11.

4.3.6. Vukalovich etal.

In their review monograph Vukalovich et al."” state many

~ values of thermophysical properties of mercury as a function

of temperature and pressure. Values for the density, the iso-
baric tangent volume thermal expansion coefficient, - the
isothermal tangent compressibility, the entropy, the enthalpy,
and the specific heat capacities C, and C, are mentioned in
their Tables 16, 17, 18, 21, 20. 22, and 23, respectively. For
the RMS difference between the values of thermodynamic
properties of mercury of Vukalovich ef al. (calculated by us
in the same way as our thermodynamic properties, for the
same temperature and pressure range) and our recommended
values we refer to Table 21.

4.3.7. Kumari and Dass

Kumari and Dass'* derived a theoretical Equation of State
for mercury based on the assumption that the ratio of second
to first pressure derivative of the tangent bulk modulus is a
constant. Though there is some correlation between the work
of Kumari and Dass'* and ours ~ Kumari and Dass'* used the
measurements of Davis and Gordon’ to fit their Equation of
State — the excellent agreement is nevertheless remarkable.
The difference between the densities (ranges 303-323 K,
0-300 MPa) is given in Fig. 12. For the RMS difference
between the values of thermodynamic properties of mercury
of Kumari and Dass'* (calculated by us in the same way as our
thermodynamic properties,for the same temperature and
pressure range) and our recommended values, we refer to
Table 22.

5. Comparison of the Results of the Work
on Mercury of Davis and Gordon,
and Grindley and Lind, Jr.

We try to make some comparisons, first at atmospheric
pressure. Hubbard and Loomis’ Eq. (51) has a standard devi-
ation for k of 0.003%; the temperature range is 273.15—
343.15K. Eq. (57) of Coppens; Beyer, and Ballou® has a
standard deviation for k of 0.01%; the temperature range is
about 303-472 K. The agreement in k between Hubbard and
Loomis,’ and Coppens, Beyer, and Ballou® is excellent. In the
overlap temperature range 303-343 K the mean difference in
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« is only 0.06%. Eq. (50) of Grindley and Lindt, Jr."* hasa
standard deviation for & of 1%; the temperature range is
303-423 K. We refer to Fig. 2. Thus the precision of the
initial isothermal compressibility at atmospheric pressure of
Hubbard and Loomis® / Davis and Gordon® seems higher than
that of Grindley and Lind, Jr."? Now we compare the p} of
Davis and Gordon,” and Grindley and Lind, Jr.'?, also at
higher pressures. From Davis and Gordon® we consider the
pressure range 0-800 MPa and the three temperatures
295.037, 313.630, and 326.026 K; from Grindley and Lind,
Jr."> we consider the pressure range 0-800 MPa and the tem-
peratures 303.134, 313.130, 323.127, and 333.124 K. .

For each of the series measurements we calculated a double
polynomial equation p7 ; the best possible fit was the only
criterion. For Davis and Gordon® we found a standard devia-
tion of p? of 0.05 kg/m® and a relative standard deviation of
4X1079 . For Grindley and Lind, Jr."? we found a standard
deviation of p? of 0.40 kg/m’ and a relative standard deviation
of 29107 . By determining the (3p/dp)r we calculated the
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standard deviation of the applied pressure p. For Davis and
Gordon,’ and Grindley and Lind, Jr."* we found 0.10 MPa and
0.80 MPa, respectively. Davis and Gordon® state a standard
deviation for the pressure (in the range 0-1.3 GPa) of 0.6
MPa. Comparing the densities of Davis and Gordon,” and
Grindley and Lind, Jr.'? in the ranges 0-800 MPa and 298.15-
328.15K we found a RMS difference of 2.70 kg/m’ and a
relative RMS difference of 200X 107® . Except a few values
at atmospheric pressure, all calculated density values of
Grindley and Lind, Jr."? are higher than those of Davis and
Gordon.” Assuming that no smoothing has been carried out,
the precision of the measurements of Davis and Gordorn’
seems higher than that of Grindley and Lindt, Jr.'* However,
the above-mentioned calculations do not inform us on the

accuracy of both density determinations.

The value of the density of mercury at 303.15 K and 300
MPa applied pressure of Davis and Gordon® is 13678.57 kg/
m®; the corresponding value of Grindley and Lind, Jr.”? is
about 1.33 kg/m® or 100X 107 higher.

TaBte 1. Determinations of the density of mercury at 293.150 K and one standard atmosphere

Author Applicd Density of mercury, kg/m®
method Relative
1PTS-48 1PTS-68 1TS-90 uncertainty®
Cook and Stone"} displacement 13545.884 . 13545.867 13545.854 0.2X107°
Cook® / content .
Ippitz? content, 13545.839 13545.822 13545.809 2X107¢
relative
Kuzmenkov® hybrid 13545.91 13545.89 13545.88 2x1078
Fiirtig"®" displacement — 13545.849 13545.836 1-1.5%107°
{3 samples]
Adametz®" displacement —_ 13545.876 13545.863 2X107¢
{2 samples)
Adametz displacement — 13545.849 13545.836 1x107¢
and Wloka"

[3 samples: VNIIFTRI, NIST, PTB]

:Assumed that uncertainty means one standard deviation,
Ref. 1.

‘Ref. 2.

‘Ref. 3.

:Ref. 22.

Ref. 23.

‘Ref. 21

Ref. 24
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TABLE 2. Impurities in mercury from the
Van der Waals-Zeeman Laboratory

Metal Quantity
in ppb
Ag 15-150
Cu <100
Fe 10-100
Cd <5
Al <500
Pb <25
Zn 10-100

TaBLE 3. Results of the four versions of the isobaric volume thermal expansion coefficient of mercury
at atmospheric pressure applied to three temperatures from Davis and Gordon’

Secant o Secant a; Tangent a; Tangent oy
Temperature x 105 - X 105, X 10°% % 10%
K K™ K™ K™! K™
Eq.(8) Eqs.(13) Eqs.(16) Eqgs.(18)
and (8) and (8) and (8)
295.037 181.723 181.003 181.877 181.156
313.630 181.866 180.537 182.205 180.873
326.026 181.976 180.241 182.467 180.728

TABLE 4. Corrected isothermal secant bulk moduli K from Davis and

Gordon,” MPa
Temperature Applied pressure in MPa
K 0 100 200 ) 300 400
295.037 24977 25457 25935 26411 26896
313.630 24432 24915 25399 25884 26367
326.026 24101 24582 25062 25539 26024

TabLE 5. Corrected densities of mercury, reference values for Eq. (28)

Temperature Applied pressure, MPa

K 0 100 200 300 400

Corrected density of mercury, kg/m®

295.037 13541.22 13594.62 13646.46 13696.80 13745.65
313.630 13495.73 13550.12 13602.84 13653.98 13703.63
326.026 13465.51 13520.51 13573.83 13625.57 .  13675.71
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TaBLE 6. Density coefficients C; . of Eq. (28)

iv/ 0 1 2 3
0 14288.8433 0.3859641 ~3.38435X107° 9.237x107°
1 —2.6164300 5.294163X10™*  ~1.61081%10™7
2 2.793555x107*
TaBLE 7. Density of mercury, kg/m’
‘Applied Temperature K
pressure
MPa 293.150 298.150 303.150 308.150 313.150 318.150 323.150
0 13545.84 13533.59 13521.35 13509.12 13496.90 13484.70 13472.52
50 13572.70 13560.57 13548.46 13536.36 13524.28 13512.21 13500.15
100 13599.16 13587.16 13575.17 13563.20 13551.24 13539.30 13527.37
150 13625.23 13613.35 13601.48 13589.64 13577.80 13565.98 13554.17
200 13650.91 13639.15 13627.40 13615.67 13603.96 13592.25 13580.56
250 13676.21 13664.57 13652.94 13641.32 13629.72 13618.13 - 13606.55
300 13701.15 13689.61 13678.09 13666.58 13655.09 13643.61 13632.15
TaBLE 8. Estimated rélative accuracy of the density p®*'* of mercury.
Percentage error in the density p?>'* due to the error in &
Applied Estimated linear percentage of
_ Pressure relative error in K term /
~ accuracy error in p?*'*
MPa 9313 %
(] 2x107° 0.00
10 3x107¢ 64.89
50 10x107° 97.33
100 20%107° 99.30
.200 43%107° . 99.85
300 69%1078 99.94
400 98%107° 99.97
TABLE 9. Isobaric secant volume thermal expansion coefficient &(7T.,p) X 105 K™*
———es _
Applied Temperature K
pressure )
MPa 293.150 298.150 303.150 308.150 313.150 318.150 323.150 .
0 181,475 181.536 . 181.597 181.658 181.719 181.780 181.841
50 179.195 179.252 179.310 179.367 179.424 179.481 179.537
100 176.989 177.042 177.096 177.149 177.202 177.256 177.309
150 174.855 174.905 174.955 175.005 175.055 175.104 175.154
200 172.794 172.840 172.887 172.933 172979 173.026 173.072
250 170.803 170.847 170.890 170,933 170.976 171.019 171.062
300 168.884 168.924 168,964 169.004 169.044 169.084 169.124
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TABLE 10. Isobaric tangent volume thermal expansion coefficient a(7,p)X10°% K™*

Applied Temperature K
pressure
MPa 293.150 298.150 303.150 308.150 313.150 318.150 323.150
0 181.062 181.020 180.977 180.934 180.891 180.848 180.804
50 178.784 178.737 178.691 178.644 178.597 178.550 178.503
100 176.578 176.528 176.478 176.428 176.378 176.327 176.276
150 174.445 174.392 174.339 174.285 174.232 174.178 174.123
200 172.384 172.328 172.272 172.215 172.158 172.101 172.043
250 170.395 170.336 170.276 170.216 170.156 170.096 170.035
300 168.476 168.414 168.352 168.289 168.226 168.163 168.099
TaBLE 11. Isothermal secant compressibility &(Z,p) X 10°, MPa™!
Applied Temperature K
pressure
MPa 203.15 208.15 303.15 308.15 313.15 318.18 323.18
0 3.995 4.018 4,041 4.065 4.088 4.111 4.135
50 3.957 3.980 4,003 4.026 4.049 4.072 4.095
100 3.920 3.043 3.965 3.088 4.010 4.033 4055
150 3.884 3.906 3.928 3.950 3.972 3.994 4016
200 3.848 3.870 3.891 3913 3935 3.956 3.978
250 3.813 3.834 3.855 3.877 3.898 3.919 3.940
300 3.778 3.799 3.820 3.841 3.862 3.882 3.903
TaBLE 12. Isothermal tangent compressibility x(T,p) X 10°, MPa™
Applied Temperature K
pressure
MPa 293.15 298.15 303.15 308.15 313.15 318.15 323.15
0 3.995 4.018 4.041 4.065 4.088 4.111 4.135
50 3.928 3.950° 3.973 3.995 4.018 4.040 4.063
100 3.862- 3.884 3.906 3.927 3.949 3.971 3.993
150 3.798 3.819 3.840 3.861 3.882 3.903 3.924
200 3.735 3.755 3.775 3.796 3.816 3.837 3.857
250 3.673 3.693 3712 3.732 3.752 3 3.791
300 3.613 3.632 3.651 3.670 3.689 3.708 3.726
TasLe 13. Entropy, S; — SPRIS, J K™ ol ™!
Applied Temperature K
pressure :
MPa 293.15 298.15 303.15 308.15 313.15 318.15 323.15
0 —0.47193 0.00000 0.46361 0.91919 1.36699 1.80729 2.24031
50 -0.60501 —0.13317 0.33036 0.78585 1.23357 1.67377 2.10671
100 —0.73617 -0.26441 0.19903 © 0.65444 1.10208 . 1.54220 1.97506
150 —0.86549 —0.39380 0.06957 0.52490 0.97246 1.41252 1.84530
200 —0.99301 —0.52140 -0.05810 0.39716 0.84466 1.28464 1.71735
250 —1.11881 —0.64726 —0.18403 0.27117 0.71860 1.15851 1.59116
300 -1.24295 —0.77146 —0.30829 0.14685 0.59422 1.03407 1.46666
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TABLE 14. Enthalpy, H) — HZ*" kJ'mol™

Applied Temperature K
pressure
MPa 293.15 298.15 . 303.15 308.15 313.15 318.15 323.15
0 -0.13952 0.00000 0.13938 0.27862 0.41773 0.55671 0.69555
50.. . 0.56114 0.70064 0.83999 0.97921 1.11829 1.25724 1.39606
100 1.26092 1.40039 1.53972 1.67891 1.81797 1.95689 2.09568
150 1.95981 2.09926 223857 237774 2.51677 2.65567 279444
200. 2.65783 2.79726 2.93655 3.07569 3.21470 3.35358 3.49233
250 3.35498 3.49439 3.63366 377279 391178 4.05063 4.18936
300 4.05127 4.19067 4.32992 4.46903 4.60800 4.74684 4.88554

TaBLE 15. Isobaric specific heat capacity Cp}, I'*K™' mol™’

Applied Temperature K
pressure

MPa 293.15 208.15 303.15 308.15 313.15 318.15 323.15
0 27.919 27.890 27.862 27.835 27.808 27.782 27.756
50 27.914 27.885 27.857 27.830 27.803 27.777 27751
100 27.909 27.880 27.852 27.825 27.798 27.771 217.746
150 27.904 27.876 27.848 27.820 27.793 » 27.767 27.741
200 27.900 27872 27.843 27.816 27.789 27.762 27.736
250 - 27.896 27.868 27.839 27.812 27.785 27.758 27.732
300 27.893 27.864 217.836 27.808 27.781 27.754 27,728

TaBLE 16. Internal energy U} , J-mol ™!

Applied Temprature K
pressure

MPa 293.15 298.15 © 303.15 308.15 313.15 318.15 323.15
0 ~141.02 -1.50 137.88 271.12 416.23 555.20 694.04
50 —179.30 —40.47 98.23 236.78 - 37520 513.48 651.63
100 —215.60 T =7743 60.60 198.49 336.24 473.85 611.34
150 -249.98 - 112.45 24.93 162.16 299.27 436.23 573.07
200 —282.51 —145.62 —8.87 127.74 26421 400.55 536.76
250 —313.27 -176.99 -40.85 95.15 231.01 366.73 502,33
300 —-342.32 ~206.63 ~71.09 64.32 199.58 33471 469.71

TaBLE 17. Isochoric specific heat capacity C,J}, J')K ™ 'mol™

Applied " Temperature K
pressure

MPa 293.15 298,15 303.15 308.15 31315 31815 323,15
0 24,356 24,287 24218 24.150 24,083 24017 23.952
50 24.388 24318 24.250 24.182 24,116 24.050 23.985
100 24.418 24.349 24280 24.213 24.146 24.081 24.017
150 24.446 24377 24.309 24242 24.175 24,110 24,046
200 - 24473 24.404 24.336 24.269 24.203 24,138 24073
250 24.498 24.429 24.361 24.294 24228 24,163 24,099

300 24.521 24.452 24.384 24318 24252 . 24.187 24.123
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TaBLE 18. Relative difference in isothermal tangent and secant compressibility at 293.15 K and
323.15 K, and at atmospheric pressure between data from literature and our recom-
mended values

Author Relative difference in
isothermal compressibility
%

293.15K 323.15K

Static method

Bridgman (1911)(a)*® +0.1 -

Diaz Pefia and McGlashan® +0.6 +0.1
Stallard, Rosenbaum, and Davis, Jr.? +07 +0.7
Grindley and Lind, Jr. +0.1¢ +1.5

Dynamic method

Hubbard and Loomis® +05 +0.6
Kleppa® - +03
Golik, Kassen, and Kuchak® +04 +0.1
Hunter, Welch, and Montrose” +0.2° +0.8
Seemann and Klein® +035 +0.5
Hill and Ruoff® +0.3° +0.7
Coppens, Beyer, and Ballou® +0.6° +06
Tilford® + 0.6 ' -
Recommended Values x %X 10°, MPa™ Eq. (59) 3.995 4,135

*We refer to Sec. 4.3.2.
PFor references: Egs. (47) - (58)
‘As extrapolated in this paper

TaBLE 19. Comparison of the derivatives (9x/8T), and (3%/3T)," at several temperatures and at
atmospheric pressure between data from literature and our recommended values

(9w/8T), X 10°, MPa~! K™

Temperature
29315 K 303.15K 323.15K 423.15K

Static method

Bridgman (1911)a)™® 68 68° - -
Diaz Peiia and McGlushan® 40 40 40 -
Stallard, Rosenbaum, and Davis® 47 47 47 -
Grindley and Lind, Jr.° 69° 66 61 34

Dynamic methoad

Hubbard and Loomis® 47 48 49 -
Kleppa® - - 65 65
Golik, Kassen, and Kuchak® 42 43 44 -
Hunter, Welch, and Montrose® 53¢ 54 56 63°
Seemann and Klein® 47 47 48 -~
Hill and Ruoff® 53 53 53 53
Coppens, Beyer, and Ballou® 45 46° 48 55
Tilford® 46° 47° - -
Recommended values, Eq. (59) 46 46 47 -
Mean ail values 50 50 51 54
Relative standard deviation 18 % 17 % 15 % 23 %

*We refer to Sec. 4.3.2.

®For references: Egs. (47) - (58)

“As extrapolated in this paper

“At atmospheric pressure (3x/8T), and (8%/T), are identical

J. Phys. Chem. Ref. Data, Vol. 23, No. 5, 1994



823
A CRITICAL EVALUATION OF THE THERMOPHYSIGAL PROPERTIES OF MERCURY
TABLE 20. RMS difference ‘between values on mercury of Grindley and
Lind,Jr. and our recommended values. Ranges 293-323 K and

0-300 MPa
Relative

Thermodynamic RMS RMS
properties difference difference
Density, kg/m’ 1.2 85%107¢
Secant thermal expansion

coefficient X 10°, K™ 2.1 1.2 %
Tangent thermal expansion

coefficient X 10°, K™ 1.4 0.8 %
Isothermal secant )

Compressibility X 10°, MPa™" 0.05 12 %
Isothermal tangent

Compressibility X 10°, MPa™" 0.05 1.3%
Entropy, J*K™! mol™' 0.003 -2
Enthalpy, kJemol ™' 0.001 ~2
Cp. J K™  mol™! 0.07 03 %
Internal Energy, Jomol ™’ 1.1 -
C,, FK ™ 'mol™! 0.14 0.6 %

*No relative RMS difference is given for the entropy and the enthalpy,
because these properties can become zero.

TABLE 21. RMS difference between values on mercury of Vukalovich ef al.
and our recommended values. Ranges 293-323K and

0-300 MPa
Relative
Thermodynamic RMS RMS
properties  difference difference
Density, kg/m’ 0.19 14x107¢

Secant thermal expansion

coefficient X 10°, K™ - -
Tangent thermal expansion

coefficient X 10°, K™ 027 02 %
Isothermal secant

Compressibility X 10°, MPa™ - -
Isothermal tangent

Compressibility X 10°, MPa™' 0.01 03 %
Entropy, J-K'mol ™! 0.007 -
Enthalpy, k¥-mol™' 0.001 —a
Cp, I K 'mol™! 0.06 0.2 %
Internal Energy, J-mol ™ - -
G,y 3K 'mol™ ’ 0.08 03 %

*No relative RMS difference is given for the entropy and the enthalpy,
because these properties can become zero.
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TABLE 22. RMS ditference between values on mercury of Kumari and Dass
and our recommended values. Ranges 293-323 K and 0-300

MPa
Relative

Thermodynamic RMS RMS
properties difference difference
Density, kg/m* 0.11 8x107°
Secant thermal expansion

coefficient X 10°, K™ 0.5 03 %
Tangent thermal expansion

coefficient X 10%, K™ 0.2 0.1 %
Isothermal secant

Compressibility X 10°, MPa™" 0.003 0.1 %
Isothermal tangent

Compressibility X 10°, MPa™' | 0.01 02 %
Entropy, J-K™'mol ™! 0.0005 -2
Enthalpy, kJ-mol™ 0.0002 -2
C,, 3K mol™! 0.01 0.05 %
Internal Energy, J-mol ™ 0.1 -~
Cy, 'K mol™! 0.02 0.07 %

®No relative RMS difference is given for the entropy
because these properties can become zero.
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FiG. 1. Isothermal secant bulk modulus at 293.145 K as a function of FiG. 2. TIsothermal tangent/ secant compressibility along an isobar at atmo-

applied pressure.

spheric pressure as a function of temperature.

@ Davis and Gordon® (experimental value); O Hubbard and Loomis ;°
B Hayward® (experimental value); A Coppens et al ;**

V Davis and Gordon® (interpolated value); @ Grindley and Lind, Jr;”?
O this paper. | our recommended values.
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FiG. 6. Relative difference in isothermal secant and tangent compressibility

at 293.15 K between Bridgman (1911)" (a), Grindley and Lind, Jr."2
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A secant, A tangent compressibility difference with Bridgman
(1911 (a); o

O secant, @ tangent compressibility difference with Grindley and
Lind, Jr.”



826

-8

Fel Difference in Density / x 10

Sec Compressibility x 10 */ MPa’

G. J. F. HOLMAN AND C. A. TEN SELDAM

150 ¢
(o]
A
50 | 6
[a)
-50 — : -
200 300

0 100

Applied Pressur_e | MPa

Relative difference in density at 293.15 K between ‘Bridgman
(1911Y' (a), Grindley and Lind, Jr.” (as extrapolated in this paper),
and our recommended values. The values of Bridgman (1911’ (a),
and Grindley and Lind, Jr.' are higher than ours.

A relative difference with Bridgman (1911)7 (a);

O relative difference with Grindley and Lind, Jr."2

3.8 — . . '
0 100 200 300

Applied Pressure [ MPa

Isothermal secant compressibility at 293.15 K as a function of
applied pressure.

J Bett, Weale, and Newitt ;'*

O Stallard, Rosenbaum, and Davis, Jr.;"!

I" our recommended values.

Tang Compressibility x 10°/ MPa"

_Re! Difference Compressibilities /| %

3.3 . —= d
0 100 200 300

Applied Pressure | MPa

Isothermal tangent compressibility at' 293.15 K as a function of
applied pressure.

M Bett, Weale, and Newitt;'"

@ Stallard, Rosenbaum, and Davis, Jr;'

| our recommended values.

0 100

200 300

" Applied Pressure | MPa

FiG. 10. Relative difference in isothermal secant and tangent compressibility

at 293.15 K between Bett, Weale, and Newitt'® and our recom-
mended values; Bett, Weale, and Newitt’s values are higher than
ours.

[ Relative difference in isothermal secant compressibility;

M Relative difference in isothermal tangent compressibility.

The solid straight line reflects the relative standard deviation, calcu-
lated by Bett, Hayes, and Newitt,'® of the isothermal secant com-
pressibility (by us slightly modified to 293.15 K) as a function of
applied pressure; our claimed relative accuracy of the isothermal
compressibility in the range 0-300 MPa is about 0.6 %. The relative
error in the isothermal secant and tangent compressibility have the
same value.
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