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Thermophysical Properties of Gaseous CF, and C,F
from Speed-of-Sound Measurements
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A cylindrical resonator was employed to measure the sound speeds in gaseous
CF4 and C,F4. The CF, measurements span the temperature range 300 to
475 K, while the C, F4 measurements range from 210 to 475 K. For both gases,
the pressure range was 0.1 MPa to the lesser of 1.5 MPa or 80 % of the sample’s
vapor pressure. Typically, the speeds of sound have a relative uncertainty of less
than 0.01 % and the ideal-gas heat capacities derived from them have a relative
uncertainty of less than 0.1 %. The heat capacities agree with those determined
from spectroscopic data. The sound speeds were fitted with the virial equation
of state to obtain the temperature-dependent density vinal coefficients. Two
models for the virial coefficients were employed, one based on square-well
potentials and the second based on a Kihara spherical-core potential. The
resulting virial equations reproduce the sound-speed measurements to within
0.005% and yield densities with relative uncertainties of 0.1% or less. The
viscosity calculated from the Kihara potential is 2 to 11% less than the
measured viscosity.

KEY WORDS: CF,; C,F; equation of state; hexafluoroethane; speed of
sound; tetrafluoromethane; thermodynamic properties; virial coefficients.

1. INTRODUCTION

The thermophysical properties of the gases used by the semiconductor pro-
cessing industry are needed for process modeling and for the accurate
calibration of mass flow controllers (MFCs). The actual calibration of the
MFCs is performed with nonhazardous surrogate gases such as tetrafluoro-
methane (CF,) and hexafluoroethane (C,F), whose thermophysical
properties are also required. Prior to handling hazardous process gases, we
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chose to study the surrogate gases CF, and C,F4, and below, we report
the results obtained.

Our laboratory has developed a highly precise, automated apparatus
for measuring sound speeds in hazardous and/or corrosive process gases
throughout the temperature and pressure ranges of interest for semicon-
ductor processing (200< 7<<480 K and P <15 MPa). The analysis of
measured sound speeds provides the ideal-gas heat capacities C;(T) and
the nonidealities of these gases.

The speed of sound, u( P, T}, measurements for CF, span the tempera-
ture range 300 K < T'<x475 K and pressures below the lesser of 1.5 MPa or
80% of the sample’s vapor pressure. Highly precise sound speeds in CF,
were reported by Ewing and Trusler { 1] in the ranges 175 K <7< 300 K
and P < 1.0 MPa or 80% of the vapor pressure. Ewing and Trusler data
were included when we fit the present data. Measurements of w(7, P) in
C,F¢ cover the ranges 210 K < T<475 K and the lesser of P < 1.5 MPa or
80% of the vapor pressure.

The sound-speed measurements were collected along isotherms whose
zero-pressure intercepts provided CE(T)A The density virial coefficients that
appear in the virial equation of state,

P=RTp[1+B(T)p+C(T)p*>+D(T)p>+ -] (1)

were obtained by fitting the w(7, P) data, where P is the pressure, T is the
temperature, p is the density, and R is the gas constant. The vinal expan-
sion was truncated after the second and third density virial coefficients,
B(T) and C(T), for CF, and after D(T) for C,Fs. Two methods were
employed for determining B(T) and C(T') for each gas. The first method
used the exact algebraic expressions for B(7) and C(7T') derived from the
hard-core square-well (HCSW) intermolecular potential model. Six param-
eters were required because different square-well parameters were used for
B(T) and C(T). The second method used numerical representations of
B(T) and C(T) obtained from a numerical integration over a Kihara
spherical core [2] with the inclusion of three-body effects in C{T). The
Kihara model is often referred to as the hard-core Lennard-Jones (HCLJ)
potential model. The HCLJ} model uses only four parameters, but it requires
more computation to generate and use than the HCSW model. The fourth
virial coefficient D(T) for C,F, was described by a two-term inverse 7
polynomial.

In most cases, the values of B(7T') determined from the fit to the sound-
speed measurements agree with previously published values within their
combined uncertainties. For CF, the present measurements greatly reduce
the uncertainty of B(7). The values of C(T) for CF, reported here agree
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with the limited values previously available. For C,F,, few previous
measurements of B(7T') have been reported, and no measurements of C(T')
were found in the literature.

The virial equations of state presented here for each fluid reproduce
nearly all the u(P, 7') data to within +0.005% of u. The vinial equations
are expected to generate vapor densities and ideal-gas heat capacities with
uncertainties of less than 0.1 % throughout the experimental temperature
and pressure ranges, and they can be extrapolated to higher temperatures.
The virial coefficients and transport properties calculated from the deduced
HCLJ potential show a predictive ability over the wide temperature range
where the two-body approximation is appropriate.

2. APPARATUS

The apparatus employed here was adapted from that used for the suc-
cessful study of more than 20 nonhazardous gases and gas mixtures [3, 4].
The precursor apparatus and the acoustic model have been described in
detail elsewhere [5, 6]. For the current work, the previous apparatus was
modified to handle the hazardous, reactive, and corrosive gases employed
in the semiconductor processing industry. These modifications address the
reactive nature of the gases and their safe handling and disposal.

The entire apparatus is automated. All valves are air-operated from 4
remote control panel and/or computer. The entire system is enclosed in a
walk-in gas cabinet which conforms to Article 51 of the Uniform Fire Code
for Semiconductor Fabrication Facilities [7]. The cabinet encloses the
acoustic resonator, gas manifold, pressure controller, temperature bath,
pumps, sample bottles, and transducers. The cabinet provides secondary
containment of the process gases, protecting personnel from a catastrophic
failure. Passive and active interlocks are employed to prevent overpressure
or overheating. The system has a maximum allowable working pressure of
1.5 MPa, the full-scale reading of our pressure controller. All surfaces in
contact with the sample gas are constructed of corrosion resistant alloys.
Where practical, ASME [ 8]-certified welds are used for joints. Welds were
internally borescoped to assure full penetration. Welding was performed in
a class 100 clean room, using a high-purity purge gas filtered to 0.02 um,
where moisture and oxygen levels were less than | ppm. Nickel gasket con-
nections are utilized wherever mechanical connections are required. Where
possible, the apparatus incorporates commercially available vacuum
pumps, pump oil, valves, and transducers that have been specifically
designed for semiconductor processing service.

A brief description of the experimental setup follows. The heart of
the apparatus was an acoustic resonator (Fig. 1). The resonator was a
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Fig. 1. Schematic of cylindrical acoustic resonator.

14-cm-long cylindrical cavity that had been bored out of an Alloy 400
(~67% Ni, ~33% Cu) cylinder. The cavity had an inner diameter of
6.5 cm and an outer diameter of 7.8 cm. Circular Alloy 400 plates (1.3 cm
thick) were bolted to the ends of the cavity and sealed with gold O-rings.
One end plate contained two thin metal diaphragms mounted flush with the
interior surface of the cavity. These diaphragms isolated the sample gas
while coupling acoustic energy into and out of the cavity. The diaphragms
were Alloy 400 disks (1 cm in diameter, 25 um thick) that had been electron
beam welded around their circumferences to small flanges mounted on the
top end plate. Acoustic wave guides led from each diaphragm to remote
electroacoustic transducers at ambient temperature. When sample gas was
present in the cavity, a pressure controller maintained an equal pressure of
argon m the wave guides. Thus, the thin metal diaphragms were not
stretched by a differential pressure. The wave guides were commercially
purchased horn-shaped tubes with a length of 15 cm and a diameter that
tapers exponentially from 0.12 to 0.33cm. A 2.5-cm-long, thin-walled
stainless-steel tube connected the horns to gas-tight transducer housings
that were also maintained at the sample pressure with argon. In the narrow
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end of each horn, the manufacturer had installed a metal screen which
damped resonances within the wave guide. When the wave guides were
filled with argon, the horns strongly attenuated sound at frequencies above
8 kHz, setting an upper limit to the frequencies which could be studied.

The sound generator was a commercially manufactured earphone
speaker. The sound was transmitted down a wave guide through one metal
diaphragm into the resonator. The acoustic energy within the resonator
was then coupled through the second metal diaphragm up the second wave
guide to the sound detector, which was a commercially manufactured
microphone designed as a hearing aid. Typically the frequency of the gener-
ator was scanned through two longitudinal modes [(3, 0, 0), (4,0, 0)] and
one radial mode [(0,0,1)]. The modes are labeled with the notation
(K, N, S) of Gillis [5]. The frequency, fens, and the half-width, gxuyg, of
each resonance were measured using standard procedures [5] and
instruments. Typically, the standard deviation of fgye was less than
10~ >f¢ns. The speeds of sound and their uncertainties were computed from
weighted averages of the results for the three modes. The relative uncertain-
ties of u ranged from (10 to 100) x 10~%, varying roughly as P2

The resonator was suspended vertically in a well-stirred thermostated
bath of either silicon o1l or methanol. The bath was controlled within 2 mK
of each set point by a proportional controller that used the output of a
resistance bridge incorporating a thermistor. The temperature of the resona-
tor was determined with a 25-Q capsule-type standard platinum resistance
thermometer (SPRT) that had been calibrated on ITS-90 and embedded in
an aluminum block fastened to the resonator. Four-wire resistance measure-
ments of the SPRT were made with a suitable DC multimeter.

A 13-kPa full-scale capacitance differential pressure transducer (DPT)
was used to detect the differential pressure between the argon and the sam-
ple gas. The DPT was calibrated for pressure and temperature dependences
and thermostated with a stability of 4 0.1 K. Pressure measurements were
made on the argon side of the DPT with a quartz-Bourdon-tube differen-
tial pressure gauge. The reference side of the gauge was maintained below
2 Pa with a rotary pump. This Bourdon-tube gauge had been calibrated
with a deadweight gauge and had a standard uncertainty in pressure of
op =30 Pa+0.0001 x P.

3. PROCEDURES

Measurements were made along isotherms by loading the resonator
initially to the lesser of 1.5 MPa or 80% of the sample’s vapor pressure.
The temperature and pressure were allowed to equilibrate, and the frequen-
cies and widths of the acoustic resonances were measured. The temperature
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was maintained, and the pressure was reduced in successive steps. For each
step, the air-operated valves were opened briefly and a portion of the
sample gas was collected in a vessel cooled with liquid nitrogen. Once the
pressure was reduced, the apparatus was allowed to return to equilibrium
and the frequencies and widths were measured at the new state point.

The temperature-dependent effective radius, ¢(T'), and length, [ T), of
the cylindrical resonator were required to determine the sound speed from
the resonance frequencies. These dimensions were determined as functions
of the temperature by measuring the resonance frequencies when the
resonator was filled with argon, a gas for which the speed of sound is
accurately known. Because the calibration and the final measurements were
conducted in the same thermal environment, there was a high degree of
compensation for the effects of temperature gradients in the bath and even
for systematic uncertainties in the measurement of temperature.

At each state point, the drive frequency was stepped through the
resonance and amplitudes of the signal from the detector were recorded.
Measurements were made at 11 frequencies spanning fxns + gxns for each
mode (K, N, S). A theoretically expected six-or eighth-parameter function
was then fit to the amplitudes measured at each frequency, providing both
Sxns and geps.

For a cylindrical cavity with a radius ¢ and length /, discrete values of
the wave number k gy are known [9]. The sound speed v in the sample
gas is determined by dividing the measured fxys by k gys/27. The measured
resonance frequencies were corrected [S, 6] for the thermal and viscous
losses at the boundaries and for the small effects of the tube used to move
sample into and out of the cavity.

4. RESULTS

At each temperature and pressure, two longitudinal and one radial
modes were used to compute values of the speed of sound. The mean of
these three values and their relative standard deviation o[u]/u x 10® are
tabulated in the Appendix (Table AT for CF, and Table AII for C,F¢). The
CF, measurements span the temperature range 300 to 475 K, while the
C,F¢ measurements range from 210 to 475 K. In both cases, the pressure
range examined was 0.1 to the lesser of 1.5 MPa or 80% of the sample’s
vapor pressure.

The sound-speed measurements were taken along isotherms. The data
on each isotherm were fitted to the acoustical vinal equation of state:

+°RT . p? o, p}
2 *_<1+M+M+_&L+...>

= 2
m RT RT RT (2)
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Table 1. Ideal-Gas Heat Capacities, C‘;(T), Determined from each Isotherm

CF, C,Fq

T(K) CUT)/R T(K) CUT)/R T(K) CUTYR
300.0 737 2100 1043 3500 14.05
325.0 774 2150 10.39 375.0 14.60
3500 8.08 2250 10.72 400.0 15.11
3750 8.41 2350 11.04 4250 15.57
400.0 8.70 250.0 11.46 450.0 15.99
4250 8.99 275.0 12.18 475.0 16.36
450.0 9.24 3000 12.84

475.0 9.48 3250 13.47

where u is the sound speed, m is mass, y(T)= CYT)/CAT), and B,(T),
1.(T), and 0,(T) are the temperature-dependent acoustic virial coefficients.
On each isotherm, Cﬁ(T) i1s obtained from Eq.{2) through the relation
CAT)/R=y°/(y*—1) and the results are presented in Table I. The
C‘;(T)/R values from Table T along with the CF, results of Trusler [1]
were fitted with the polynomial:

CHT)R=Ag+ A\ T+ AT+ A3 T° + A, T2 (3)

The resulting coefficients are presented in Table II.

Figure 2 shows the deviations of the measured values of Cg( T)/R from
Eq. (3); calculated values of Cg(T)/R from the literature are also shown.
Nearly all of the data reported here and most of the results from the
literature fall within +0.1% of Eq. (3). In the case of C,F, the highest
(460 K ) and lowest temperature (210 K) isotherms were omitted from the
fit. The 460 K isotherm was determined with only one resonance mode,
(3, 0, 0). At this elevated temperature, the other resonances were shifted to
high frequencies where the waveguides and horns attenuated the signal
drastically. Also, the low vapor densities at the higher temperatures

Table II. Coefficients to Calculate C?(T)/R from Eq. (3)

A A\ K A5/K? A3 /K> A4 /K>

CF, —348750x1077 3.55103x1072 —3.97999x 107> 1.74882x 10~* 1.58249x 10~*
C,F¢ 556480 x 1071 559322 x 1072 —5.78139x 1073 2.10239x 108  1.30662 x 10~*
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contributed to reduced signal strength. These factors reduced the signal-to-
noise ratio, while increasing the uncertainty in the measurement of the
resonance frequency and half-width. The 210 K isotherm only had three
points due to the narrow pressure range available. This introduced greater
uncertainty in the extrapolation of Eq.(2) to zero pressure. The fit of
Eq. (3) was improved slightly when both of these 1sotherms were omitted.

After the ideal-gas heat capacities were determined by fitting each
isotherm separately, the sound speeds were fitted by the virial equation of
state, Eq. (1), with virial coefficients that were smooth functions of tem-
perature. The acoustical virial coefficients in Eq. (2) can be directly related
to the density virial coefficients in Eq. (1) through exact thermodynamic
equations [107] involving the density virial coefficients, their temperature
derivatives, and y*(T'):
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B.a=2B+2(y°—1) B+ (°—1)* B, /)°

ya=(L—B,B)/(RT) ()
3= (M —B,C—~2RTy,B)(RTY?
L=~ 1) G+ (20 + 1) C+ (= 1) C,+ (0= 1) Cu2 (6)

VOMZ(VO‘I)z Q2(23t+Btt)+(y0_I)QP (5)

where P=2C+2y°C,+ (- 1) C, and Q=B+ (2y°-1)B,+ (°—1) B,,,
and we have introduced the notation A4,=T(dA4/dT) and A4,=
T%d?4/dT?). Equations (4)-(6), relating the acoustical virial coefficients
to the density virial coefficients, allow us to fit the virial equation of state
to the sound-speed measurements, u(7, P).

Two methods were used to fit the u(7, P) data for both CF, and
C,F¢. For the first, the density virial coefficients were expressed as
algebraic functions in temperature derived from the hard-core square-well
(HCSW) potential model. At each temperature the virial coefficients and
their temperature derivatives could be calculated explicitly, allowing a non-
linear fit of Eq. (1) to the u(7T, P) results. The second, more complicated,
method involved fitting the parameters of a more realistic intermolecular
potential, the hard-core Lennard-Jones (HCLJ) model. In this case, the
density virial coefficients and their derivatives were calculated from integra-
tions over the intermolecular potential. We discuss the results of the
HCSW analysis first and then the HCLJ analysis.

5. ANALYSIS

5.1. Analysis with the Hard-Core Square-Well Potential Model (HCSW)

Gillis and Moldover [ 10] have shown that the equations for the tem-
perature-dependent density virial coefficients derived from the HCSW
intermolecular potential model do an excellent job at fitting sound-speed
measurements. The HCSW expressions for the virial coefficients have
realistic temperature dependences that extrapolate to reasonable values
beyond the experimental temperature ranges, and the densities computed
from these virial coefficients have small uncertainties in a useful range of
conditions [10].

The equations expressing the first two density virial coefficients in
terms of the hard-core square-well potential parameters are
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B(T)=hy[1—(i*—1)4] (7)
C(T) = gh3(5—c 4 — 4% —c54%) (8)
ey =40 182443233 15
¢y =225-36%+32)3+ 1842~ 16
€, =6 — 184+ 184~ 6
where 4=¢%s" —1 and kg is Boltzmann’s constant. The adjustable
parameters are ¢, the well depth; ¢, the hard-core diameter; and 4, the ratio
of the width of the well to o. Here b, is the molar volume of the hard core,
by =3nN 40°, where N, is Avogadro’s constant. We follow Ref. 10 in using
different values of b, &, and 4 for B(T') and for C(T). We determined the
density virial coefficients in Eq. (1) from a fit to the measured u(7, P)
results using Eqs. (7) and (8) and their temperature derivatives and Eq. (3)
to express the acoustic virial coefficients through the relations given by
Egs. (4)-(6) and then substituting the resulting functions into Eq. (2). The
best fit parameters are given in Table L1I.

The fit to the CF, data included the measurements of Ewing and
Trusler [1], with the exception of their 175 K isotherm. This isotherm
would have required terms higher than C(T'). For our fitting, the sound
speeds measured by Ewing and Trusler on the isotherms 225 and 300 K
were multiplied by the factors 1.000065 and 1.000040, respectively, so that
their zero pressure sound speeds would be consistent with Eq. (2) and the
parameters in Table II. These factors might have resulted from small dif-
ferences between the purity of the present sample and that of Ewing and
Trusler. Figure 3 shows the deviations of the measured sound speeds from
those calculated from the HCSW virial equation of state. All of our
measured sound speeds are reproduced to within +0.005%. The fit had

Table IH. Parameters for HCSW Equations of State Deduced from u(7, P} Measurements

by (m?-mol™1) ‘ stk g (KD
CF,
B(T){cm® - mol ™"} 8.65202x 103 1.480236 191.8956
C(T)(em? . mol )2 8.29090 x 103 1.720815 124.2436
C,Fs
B(T)(cm? mol™!) 1.39038 x 10~* 1.40462 286.2507
C(T)(cm?-mol~1)? 1.77713 < 104 1.31904 307.2723

D(T) (cm? . mol ~1)3 Ag=475509x 10712 A4,= —151714x107°K
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Fig. 3. Deviations of measured sound speeds
in CF, from the models. Top: Hard-core Square-
Well (HCSW). Bottom: Hard-core Lennard-
Jones (HCLJ). du=u,,.,, —uz. Open symbols
from Ref. 1: (<) 200K; (O) 225K; (V) 250K;
(A) 275K: (OJ) 300 K. Filled symbols from
this work; (H) 300K; (®) 325K; (A) 350K;
(+)375K; (@) 400K; (V) 425 K; (x) 450 K;
(*) 475 K.

v =158 degrees of freedom and y*/v=0.74. Figure 2 shows the measure-
ments of Ewing and Trusler before the corrections were applied.

HCSW B(T) and C(T) were fit to the »(7T, P) measurements in C,F,
but the higher vapor densities required the inclusion of a D(T') term. The
u(T, P) measurements did not provide enough detail to fit a square-well
representation of D(T);, therefore, a two-term polynomial was used,
D(T)=A,+ A, T~ The fit had v=169 df and y?/v of 1.04. The deviation
of the measured u( T, P) from that calculated from the determined equation
of state can be seen in Fig. 4. For C,F4 almost all measured sound speeds
are reproduced to better than 0.005%.
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Fig. 4. Deviations of measured sound speeds in
C,F, from the models. Top: Hard-core square-
well (HCSW). Bottom: Hard-core Lennard—
Jones (HCLJ). du=uyq —ug. (O) 210K
(V) 215K:; (A) 225 K; () 235 K; (©) 250 K;
(M) 275K; (&) 300K: (A) 325K; (%) 350 K;
(@) 375K; (V) 400 K: (x) 425 K: (+) 450 K;
(%) 475 K.

Figure 5 shows the determined second and third virial coefficients,
B(T) and C(T), for CF, as represented by Eqs.(7) and (8) and the
parameters in Table III. Previously published results are shown for com-
parison. In almost all cases our virial coefficients reproduce the previously
published measurements to within their experimental uncertainties. Also
notice that the values calculated from Eqgs.(7) and (8) extrapolate
reasonably outside of the experimental temperature ranges.

The virial coefficients of C,F, have not been plotted. Pace and Aston
[11] measured the second virial coefficient of C,F, in the temperature
range 180 K < T< 195K, and Bell et al. [12] report values for B(T) at
280, 300, and 320 K. Our results agree with these measured values to
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within their claimed experimental uncertainties. No previously published
third virial coefficients for C,F¢ could be found in the literature.

5.2. Analysis with the Hard-Core Lennard-Jones (HCLJ) Intermolecular
Potential Model

The HCLJ analysis is similar to the HCSW analysis; however, it was
more difficult to implement. The hard-core Lennard—Jones potential [2] is

n n mf(n-—m) g—2a\" ag—2a\"”
J=¢ — - 10
Plry) = n—m <m> {<rij_2a> <rij—2a> } o

where ¢ is the well depth, ¢ is the value of » where @(r) crosses zero, a is
the radius of the hard core, r; is the intermolecular separation between
molecule / and molecule j, and, in the case of the 6-12 potential, m =6 and
n=12. We used the HCLJ potential with the CF, and C,F, data in the
same way that Trusler used the Maitland—Smith potential with his propane
data [13]. (The HCLIJ potential worked better than the Maitland—-Smith
potential with the present data.) For each intermolecular potential, we
calculated the classical second and third virial coefficients and their tem-
perature derivatives [ 14, 15]. The calculation of the third virial coefficient
requires inclusion of three-body contributions. Following Trusler [ 13], we
used the Axilrod-Teller triple—dipole term [167]:

vi23(1 4+ cos 6, cos 0, cos 05)

3 3 .3
(ri2r13733)

@(ris) = (11)

where v,y is the dispersion coefficient and 0, is defined as the angle sub-
tended at molecule i by molecules j and k. This is the first term in the three-
body correction to the dispersion energy for monatomic species. The
second and third virial coefficients for spherically symmetric molecules are
given by

BT)= =2aNy | furhdrg (12)

8miN? oo )
ar)=— A jo j (f12/13f23 — €12€13€23 f123)

=e] [|r12+r13|
3 0 Flny—rpsl

X FiaFi3bay driy drisdry, (13)
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Table IV. Parameters for HCLJ Equations of State Deduced from w(7, P) Mcasurements

o ek a Viza/k
(nm) (K) {nm) (K -nm®)
CF, 0.42982 295.1519 0.073082 0.003745674
C,F, 0.50149 423.8087 0.10422 0.025325063

where N4 is Avagadro’s number, r;; is the distance between molecule i and
molecule j, e, =exp{ —@(r,)/kT}, f=¢;—1, and f =exp{ —o(ru)/kT}
— 1. Equations {12) and (13) aliow us to calculate the second and third
virials for a given intermolecular potential as a function of temperature.
With Cg(T)/R given by Eq. (3) and the parameters from Table II, only
four potential parameters, ¢, r,,, ¢, and v,,4, are required to fit the u(7T, P)
data. Initial guesses of ¢, r,,, and a were determined by fitting the HCLJ
second virial coefficient to the values determined with the HCSW model.
These parameters were fixed, and an initial value for v,,; was determined
by fitting only v,,; to the third virial values determined from the HCSW
method. Then all four parameters were varied to fit the u(T, P)
measurements. The resulting parameters are given in Table 1V.

The computation of the second and third virial coefficients and their
temperature derivatives from Eqgs. (12) and (13) using the parameters in
Table IV is a numerically intensive process and is not convenient for
repetitive calculations. Again, following the lead of Trusler [13], we
provide a look-up table for the second and third vinal coefficients and their
first two derivatives, along with a preferred method of interpolation. In the
look-up table, a substitution of variables has been performed, such that
temperature is presented as a reduced reciprocal temperature, 7 =¢g/kT,
where T(dB/dT ) = —t(dB/dr), and T*d*B/dT?) = t*(d*B/dt*) + 2t(dB/dr).
In Tables V and VI, the virial coefficients are also presented in reduced
(unitless) form where B*(T)=B(T)/b, and C*(T)= C(T)/b%, where b,=
2nN ,0%/3. Tables V and VI provide reduced temperatures between 0.3 and
3.0, which correspond to approximately 100 to 1000 K for CF, and 140 to
1400 K for C,F4. These ranges greatly exceed our experimental tem-
perature ranges; however, they are reasonable extrapolations based on our
experience with CF, and Trusler’s experience with C;Hg. The recom-
mended interpolation of B*(t), C*(7), or their derivatives at t between
adjacent points at 7, and 1, is the cubic polynomial f(7) such that

flo)=alt—t)+b(t—1) +{ct—1 ) +dr—1)}(t =TT —73)
a= f(r;)/4 c={ /" (1 )40} = {(a+b)/(47)?} (16)
b=—flr))jdr  d={f"(t))(41)*} — {(a+b)/(47)?}
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where f"=df/dt and dt=1,—1,. To allow the Calculation of second
derivatives, third derivatives are included in Tables V and VI. Values calcu-
lated with this interpolation method are highly accurate. When comparing
values of the virial coefficients and their derivatives calculated directly using
Egs. (12) and (13) to those calculated with the interpolation, it is found that
the second virial and its first two derivatives are reproduced to better than
0.01 and 0.05cm?®-mol ™", respectively, the third virial to better than
1.0 cm®- mol 2, and its first and second derivatives to better than 2.5 and
15.0 cm®- mol =2, respectively. The largest errors in the interpolation occur
at the lowest temperatures for the third virial where the vapor density is so
low that the contribution of the third virial to density is negligible.

For CF,, the corrected measurements of Ewing and Trusler [ 1] were
incorporated into the HCLJ fit. The ideal-gas heat capacities were fixed at
the values given by Eq. (3) and the coefficients in Table II. Figure 3 shows
the deviations of the measured sound speeds from the HCLJ analysis. As
in the case of the HCSW model, most sound-speed measurements are fitted
within +0.005%. The fit had v= 150 degrees of freedom and yx?/v=0.63,
compared to x?/v=0.74 for the HCSW model. Figure 5 compares the
second and third virial coefticients determined from the HCLJ model to
those determined from the HCSW model. They are remarkably similar.

The measured sound speeds in C,F4 were also fitted by the HCLJ
model. The data for C,F, at the higher densities required a fourth vinal
coeflicient in the HCSW model. This was also true for the HCLJ model.
We chose to exclude data at pressures greater than 1.0 MPa from the fit to
avoid fitting the fourth virial coefficient. The calculation of the fourth virial
requires a sixfold integration making the nonlinear fitting routine too
numerically intensive.

The fit of the HCLJ model to the C,F¢ data had v=112 degrees of
freedom and y?/v=1.31. The HCLJ model does not fit as wide a range of
data quite as well as the HCSW model. This is not surprising because the
HCLJ model has only four parameters, while the HCSW model has six
parameters for B(7T) and C(T) and two additional parameters for D(T).
Figure 4 shows how the measured sound speeds deviated’ from those
predicted from the presented equation of state. As in the previous cases, for
the most part, the deviations are below 0.005%. The two previous
measurements of the second virial coefficient for C, F discussed earlier are
again reproduced.

6. TRANSPORT PROPERTIES

The process of fitting the parameters of the HCLJ intermolecular
potential to the u( 7, P) results was not a direct attempt at determining the
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actual intermolecular potential. The model was only utilized to provide
physically correct temperature dependences of the virial coefficients. How-
ever, viscosities and thermal conductivities calculated from intermolecular
potentials using the kinetic theory of dilute gases [17] demonstrate some
predictive ability. Figure 6 compares the vapor viscosities predicted from
our HCLJ potential to experimental values from the literature. The base-
line is a fit to the published data found in the DIPPR [ 18] database. The
uncertainties of the DIPPR fits are also shown, 3% for CF, and 10% for

15~
CF,
10
5L
| *
L-"’{______y_____:m--—___-:__-__.__4_—‘_—___—'__.__%_‘
Oxﬂ ‘m”‘l % %A’A""x‘*g'x; e -
I3 2 .

bt e — e e — —————————— e —

ST

[ ( N - NMoreer ) / nDIPPR] x 100

15 1 i I I

200 400 600 800 1000
Temperature, K

Fig. 6. Deviations of predicted viscosity from the DIPPR
[18] database fit to available data [(#,c— #oiper)/
#pippr ] % 100. (——) Predicted from our HCLIJ potential;
(=~ ) predicted from a HCLIJ potential fit to both sound
speed and viscosity at 300 K; (----.- ) predicted from a
corresponding states model [19]. Top, CF,: () Ref. 36;
(+) Ref 37, (@) Ref 38, (A) Ref 39; (@) Ref 40; (*)
Ref. 41; (x) Ref.42; (%) Ref 43. Bottom, C,F.: ()
Ref. 38; ( A) Ref. 44; (@) Ref. 45.
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C,F,. Figure 6 also show the wviscosities predicted from the theory of
corresponding states [ 19] over its limited range of validity. The viscosities
predicted from the HCLJ potential are generally within (below) 10% of
measured values. The viscosity of propane predicted with Trusler’s [13]
Maitland-Smith potential (which was deduced from speed-of-sound data)
shows similar deviations: +4.2% at 200 K, —1.6% at 300 K, and —6.5%
at 500 K.

Based on Fig. 6 and Trusler’s results, we suggest that the transport
properties deduced from speed-of-sound data will have uncertainties of
10% or less, which might be adequate for engineering purposes. Many of
the hazardous, toxic, reactive semiconductor process gases that we plan to
investigate fall in this class of compounds.

If a second constraint is available for modeling the intermolecular
potential, a better prediction of the transport properties can be made.
For example, a HCLJ potential was fit simultaneously to our reported
sound speeds in CF, and a single viscosity datum of 17.48 yPa -s at 300 K.
The resulting parameters were r,, =0408277 nm, ¢/k =365.1938 K, a=
0.088944 nm, and v,,;/K =0.004984781 K -nm®. The resulting viscosity
deviations are shown in Fig. 6. They are generally within the + 3% uncer-
tainty of the DIPPR fit from 200 to 1000 K.

The HCLJ 1s not the correct representation of the true intermolecular
potential, having only three adjustable parameters (four counting the three-
body contribution). Thus, it is not surprising that the simultaneous fit does
not represent the sound-speed measurements to within their uncertainties.
The simultaneous fit reproduced the sound-speed measurements only to
within +0.07%, in companison with +0.005% when only the sound
speeds are fitted. However, over the temperature and pressure ranges of our
sound-speed measurements, the predicted densities of the simultaneous fit
differ from our recommended equation of state by an average of only
0.019% with a maximum deviation of 0.076% at 200 K and 500 kPa, the
highest density state. Perhaps a fit using a more flexible potential model
with more parameters would yield superior results.

7. DISCUSSION AND CONCLUSION

Sound-speed measurements in CF, and C,F¢ have been presented.
The CF, measurements cover the temperature range 300 to 475 K, while
the C,F, measurements range from 210 to 475 K. In both cases the
pressure range examined was 0.1 to 1.5 MPa, or 80% of the samples’ vapor
pressure, whichever was lower.

The sound speeds were collected along isotherms, and from the zero-
pressure intercept of each isotherm, the ideal-gas heat-capacity C;’,(T) was
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determined. The measured values of Cg(T) correspond well with values
calculated from statistical thermodynamics and spectroscopic measure-
ments. Two methods of data reduction were employed to deduce the virial
equation of state for each of the gases: the hard-core square-well model and
the hard-core 6-12 Lennard-Jones model. The second and third virial coef-
ficients determined from the two methods nearly agree. The differences in
calculated vapor densities from the two equations of state are well below
0.1 %, our estimated uncertainty. The temperature dependences of the virial
coefficients derived from the HCLJ model are more accurate; however, the
results are presented in a look-up table that may be less convenient to
employ. The simple algebraic expressions derived for the HCSW model
nearly agree with the more physically accurate HCLJ model, even outside
the experimental temperature range.

We have shown that from measured sound speeds in the vapor phase,
we can obtain ideal-gas heat capacities accurate to 0.1 % and generate an
equation of state capable of predicting vapor densities to within 0.1 %. The
equation of state is based on a physical model, which can be extrapolated
with confidence to temperatures outside our experimental range. The
HCLJ equation of state should be valid from the triple point to in excess
of 1000 K at low to moderate pressures. We have also shown that for com-
pounds for which no measurements of transport properties have been
made, our fitting of a realistic intermolecular potential to the sound speeds
can predict transport properties to within 10% over wide ranges, providing
needed property estimates in cases where none had, previously existed.

APPENDIX

Table AI. Measured Sound Speeds in CF,

P u olul/u
(kPa) (m-s™1) (x 10%)
7=300.00 K
1500.01 175.080 46.4
142751 175.361 49.6
1330.27 175.737 S51.3
1223.45 176.151 418
1127.03 176.529 46.0
1025.55 176.928 34.0
923.26 177.333 16.6
822.19 177.735 15.7
703.64 178.210 20.6

583.00 178.695 17.6
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Table AL (¢ Continued)

P u olul/u
(kPa) (m-s™h ( x 10%)
464.29 179.176 13.8
343.19 179.671 103
221.26 180.173 20.0

99.89 180.673 20.0
T=32500K
1499.18 183.469 60.7
1439.87 183.630 60.7
1339.70 183.900 54.8
1214.89 184.241 42.0
1129.53 184.477 372
1023.71 184.770 29.6
927.85 185.039 26.3
815.33 185.358 154
698.18 185.695 17.9
584.35 186.029 2.6
460.14 186.395 4.5
342.10 186.744 54.8
219.10 187.116
102.21 187.472
T=350.00 K
1498.43 191.227 56.6
1434.34 191.344 529
1333.32 191.531 46.8
1275.66 191.639 409
1178.81 191.821] 36.7
1088.33 191.994 28.7
1004.84 192.157 243
903.23 192.356 20.6
812.32 192.537 16.1
706.90 192.750 15.1
616.10 192936 74
509.21 193.158 10.6
405.48 193.377 6.0
304.57 193.591 2.5
203.63 193.809
101.89 194.032
T=37500K
1492 .54 198.503 454
1424 .37 198.584 373

Hurly
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Table AL, (¢ Continued )

P u oluliu
(kPa) (m-s™') ( x 10%)
1317.97 198.711 34.8
1220.02 198.830 30.9
1122.29 198.951 272
1001.24 199.105 15.9
911.49 199.222 154
81245 199.352 204
694.00 199.514 5.8
571.32 199.684 164
455.27 199.850
334.61 200.024
219.05 200.196
103.22 200.370
203.63 193.791
101.89 194.015
T =400.00 K
1503.46 205.387 293
1429.79 205.435 20.8
1315.31 205.513 254
1210.60 205.585 23.6
1105.52 205.662 16.8
1010.02 205.733 15.5
92275 205.800 16.1
816.97 205.883 18.2
700.84 205.979 6.6
579.61 206.082 0.8
453.00 206.197 6.2
340.72 206.300 5.1
219.06 206.413 41.3
99.99 206.531 332
T=42500K
1502.98 211.966 99.6
1425.12 211.984 92.3
1305.13 212.014 86.4
1195.12 212.046 84.0
1133.07 212.066 75.3
1029.58 212.099 77.0

904.89 212.142 63.5
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Table AL (¢ Continued)

P u olul/u
{kPa) {m-s™h { x 10%)
822.73 212.173 68.1
699.30 212,222 67.6
573.21 212.276 62.1
457.07 212.329 67.7
338.41 212.383 81.1
220.35 212.441 33
101.11 212.505 —

T=450.00 K
1501.53 218.263 326
1419.58 218.255 338
1292.89 218.247 20.6
1222.44 218.244 29.0
1104.48 218.241 25.3
998.24 218.239 11.0
922.83 218.240 11.7
805.60 218.244 140
702.14 218.250 10.3
568.86 218.260 9.7
462.96 218.267 4.6
342.96 218.281 44.6
222.59 218.297 66.3
101.21 218.316 86.8
T=475.00 K
1499.90 224.339 —
1432.20 224316 —
1307.92 224271
121093 224.238 —
1123.55 224214
1020.95 224.183
918.63 224.149
797.00 224.121 —
692.17 224.100 —
579.22 224.071 —
465.96 224.050
339.63 224.021 —
217.34 224.004
109.32 223.990

Hurly
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Table All. Measured Sound Speeds in C,F¢

P u aluliu
(kPa) (m.s ") (% 10%)

T=21000K

182.35 112218 535
155.24 113.212 48.7
125.55 114.267 84.9
T=21500K
211.53 112926 3.4
188.73 113.724 46.9
15253 114952 428
132.21 115.624 41.8
102.10 116.599 321
T=22500K
334.16 112,463 374
298.59 113.638 27.8
247.87 115.255 7.1
214.82 116.269 21.6
181.92 117.254 40.7
145.70 118.307 92.8
105.77 119.433 63.1
T=23500K
390.25 114.639 214
318.18 116.718 30
247.01 118.666 25
175.65 120.528 24.0
102.20 122.36] 101.4
102.20 122362 120.5
T=250.00K
529.24 116.767 292
460.42 118.477 19.5
410.54 119.667 1.1
35157 121.041 289
287.16 122,494 5.1
224.65 123.859 14.7
162.19 125183 473
101.61 126.432 97.3
T=27500K
1004.88 116.73] 17.0
925.01 118.373 122

816.86 120512 1015
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Table All. ( Continued)

P u aful/u
(kPa) (m-s™ 1 ( x 10%)
732.48 122.121 1.0
639.97 123.827 48
556.80 125.315 13.0
459.32 127.008 8.0
37443 128.440 31.9
284.07 129.927 59.9
190.35 131.426 51.7
103.23 132.782 10.0
103.23 132.792 10.0

T =1300.00 K
1495.54 119.856 23
1438.85 120.742 35
1361.38 121.933 59
126585 123.369 13
1193.60 124.436 23.9
1099.40 125.797 11.7
1005.89 127.125 339
930.28 128.181 35.7
821.26 129.674 20.0
714.55 131.102 324
613.53 132.431 33.0
509.00 133.778 49
41256 134.999 32
306.06 136.323 12.7
205.26 137.556 43.1
103.04 138.782 7.8
T=325.00K
1501.11 130.574 12.2
1420.72 131.423 19.1
1316.62 132.515 31.6
1238.54 133.327 203
1116.70 134.584 248
1027.75 135.488 23.4
926.73 136.508 8.0
816.33 137.608 30.7
706.53 138.694 124
583.26 139.901 254
460.36 141.091 34.1
338.63 142.256 57.9
234.58 143.242 533
104.42 144.461 124

Hurly
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Table AIL ¢ Continued)

P u alu]/u
(kPa) (m-s™") (% 10%)
T=350.00K
1501.27 139.426 88.8
145142 139.805 83.9
1364.43 140.466 39.7
1282.98 141.081 339
1164.23 141.980 46.6
1094.54 142.505 19.7
1009.88 143.147 79
925.78 143.782 55
823.79 144.550 221
711.25 145.395 304
607.23 146.174 293
51593 146.856 383
411.69 147.632 433
303.07 148.438 62.8
206.62 149.153 739
100.49 149.931 -
T=37500 K
1501.34 147.110 34.3
1446.80 147.419 28.2
1350.92 147.960 26.1
1261.42 148.468 337
117749 148.946 43.7
1099.32 149.390 61.1
999.67 149961 57.8
898.62 150.538 72.9
816.92 151.008 62.0
720.36 151.562 47.0
614.67 152.167 9.8
505.89 152.794 10.1
403.18 153.390 8.0
303.70 153.968 10.2
202.37 144.557 338
101.53 145.143 58.5
T=400.00 K
1503.31 153.996 243
1444.16 154.247 28.3
1339.22 154.691 26.9
1242.42 155.105 274
119295 155.318 28.2

1095.71 155.738 37.7
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Table AL ( Continued)

P u olulu
(kPa) (m-s™') (% 10%)
991.50 156.190 373
928.14 156.467 30.5
812.66 156.975 28.6
711.65 157.422 36.1
602.21 157.909 533
507.22 158.336 65.6
412.04 158.765 67.5
304.93 159.250 81.2
204 .44 159.707 793
100.25 160.181 20.0

T=425.00 K
1503.68 160.312 0.6
1438.88 160.805 3.1
1376.24 160.466 1.2
1316.95 160.081 3.
1260.07 161.980 10.0
116247 161.505 13.4
1112.56 161.147 222
1053.37 161.782 259
997.44 161.550 20.1
903.24 162.395 29.5
810.29 162.174 31.8
727.08 162.856 14.0
652.67 163.632 417
586.07 163.438 439
504.46 163.153 46.4
420.21 163.931] 442
335.601 164.210 54.7
260.88 164.476 577
181.24 164.760 55.7
103.06 165.040 17.5
T=450.00 K
1503.93 166.204 132
143511 166.363 21.0
1353.92 166.546 134
1228.88 166.841 15.2
1128.66 167.084 1.1
1065.72 167.238 6.6
951.37 167.521 12.5
849.86 167.776 19.1
802.88 167.895 26.1
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Table AIL. ( Continued)

P u alul/u
(kPa) (m-s™h (% 10%)
718.02 168.113 339
618.71 168.369 29.3
533.15 168.595 425
440.05 168.844 51.0
33743 169.122 60.1
24393 169.378 61.2
152.89 169.627 44.6

T=47500K
1505.03 171.728 279
1432.87 171.844 10.0
1363.97 171.959 243
1246.46 172.158 337
1187.75 172.259 32.0
1102.60 172.403 10.6
983.55 172.617 14.4
927.37 172.718 11.4
797.49 172.961 243
712.76 173.122 27.1
614.42 173313 433
529.38 173.479 454
43348 173.671 59.1
347.62 173.846 62.0
242.97 174.060 483
151.22 174.253 65.5
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