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Sound-Velocity Measurements for HFC-134a and
HFC-152a with a Spherical Resonator'
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A spherical acoustic resonator was developed for measuring sound velocities in
the gaseous phase and ideal-gas specific heats for new refrigerants. The radius
of the spherical resonator, being about 5cm, was determined by measuring
sound velocities in gaseous argon at temperatures from 273 to 348 K and
pressures up to 240 kPa. The measurements of 23 sound velocities in gaseous
HFC-134a (1,1,1,2-tetrafluoroethane) at temperatures of 273 and 298 K and
pressures from 10 to 250 kPa agree well with the measurements of Goodwin and
Moldover. In addition, 92 sound velocities in gaseous HFC-152a (1,1-
difluoroethane) with an accuracy of +0.01% were mecasured at temperatures
from 273 to 348 K and pressures up to 250 kPa. The ideal-gas specific heats as
well as the second acoustic virial cocfficients have been obtained for both these
important alternative refrigerants. The second virial cocfficients for HFC-152a
derived from the present sound velocity measurements agree extremely well with
the reported sccond virial coefficient values obtained with a Burnett apparatus.

KEY WORDS: idecal-gas specific heat; HFC-134a; HFC-152a; second acoustic
virial coefficient; sccond virial coefficient; spherical resonator; sound velocity.

1. INTRODUCTION

The depletion of stratospheric ozone by CFSs is one of the most serious
issues among global environmental problems. It has led us to study the
‘thermodynamic propertics of alternative refrigerants.

The thermodynamic properties of refrigerants in the gascous phase arc
fundamental information to reveal the thermodynamic characteristics of
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refrigerants to be applied in various energy conversion systems. HFC-134a
(1,1,1,2-tetrafluoroethane ) and HFC-152a (1,1-difluoroethane), which have
zero ozone depleting potential and a boiling-point temperature similar to
that of CFC-12 (dichlorodifluoromethane), are promising as alternatives to
replace CFC-12, which is being used as a working fluid in conventional
refrigeration systems. Concerning the thermodynamic properties of HFC-
134a and HFC-152a, many PVT properties and some caloric properties
have been accumulated; among them there exist data on the critical
parameters [1, 2], saturated liquid densities and vapor pressures [1,2],
PVT properties and vapor pressures [1,27], PVT properties and virial
coefficients [1, 2], and equations of state [3-5] reported by our group up
to the present. ‘

In order to calculate some caloric properties such as enthalpy and
entropy from the equations of state, information about the ideal-gas
specific heat is of essential necessity. Sound-velocity measurements are
recognized as one of the best approaches to understand the thermodynamic
behavior of very dilute gases.

Taking such a background into consideration, we have measured 23
sound velocities in gaseous HFC-134a at temperatures of 273 and 298 K
and pressures from 10 to 250 kPa and 92 sound velocities in gaseous HFC-
152a at temperatures from 273 to 348 K and pressures from 10 to 250 kPa
by means of a spherical acoustic resonator. Not only the ideal-gas specific
heats, but also the second acoustic virial coefficients have been derived
from the present sound-velocity measurements. And the correlation of the
second virial coefficient was developed for HFC-152a.

2. PRINCIPLE OF MEASUREMENTS

2.1. Principle of Sound-Velocity Measurements

According to the description by Mehl and Moldover [6], the first
detailed discussion on the theory of spherical acoustic resonances was given
in 1896 by Rayleigh and it was then developed to completion by Moldover
et al. [7], who reported the universal gas constant with the highest
accuracy in 1988 as R = 8.314471 +0.000014 J -mol~!. K",

As illustrated in Fig. 1, the acoustic’ resonance frequencies in the
sample gas within spherical resonator S were produced by serial waves
gencrated by a microphone M, (B & K, Type 4134), while they can be
detected by a microphone M, (B & K, Type 4136). The temperature 7,
pressure P, frequency f, amplitude 4, and phase difference ¢ of resonance
frequencies have to be measured. And the series of resonance frequencies
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Fig. 1. Principle of sound-velocity mcasurements
by spherical resonator.

Jin. and the half-width g,, are calculated from the measurements by the
following complex expression:*

u—iy:i;%ﬂwef (1)
where
u=Acos ¢
v=Asin ¢
Fy=fin-1g;n
c=cy—1lc,
d+ef =(d;--id,) + (e, —ie)) f

4 Nomenclature is given at the end of the paper.
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Subscripts / and # denote different frequency modes. The sound velocity W
is determined from the values of f; , and g, , given by the following complex
expression for resonance frequency:

Wz,
2na

Jin—181n= +).(4f =i dg); (2)
J

where Z,, is the nth root of the /th-order spherical Bessel function. The
values used here are as follows: Z, ) =4.493, Z, ,)=7.725, Z 3y = 10.904,
Zo,4y=14.066, and Z 5, =17.221. The quantity a in the first term of the
right-hand side of Eq. (2) denotes the radius of spherical resonator, and the
second term is a series of perturbation terms to represent various nonideal
conditions. Each frequency mode is expressed by (/, #), where the value of
[ is zero in the case of radially symmetric modes.

By using a monatomic gas like argon, we are able to determine the
radius of spherical resonator because of its known ideal-gas specific heat.
Sound velocity W is then expressed by the following virial expansion
expression.

2 P°RT $°
wi=—r +MﬁaP+—/aP2 (3)

f. is the second acoustic virial coefficient, while y, is the third acoustic
virial coefficient, respectively. These acoustic virial coefficients give the
deviation of the measured sound-velocity value from the ideal sound-
velocity value. From Eq. (2) and measurements of f;,, and g, ,,, we can find
the ratio W/a at different pressures for a certain temperature, which is
represented as a function of pressure by

2 4, A A
(%V) =-a—§+;l7‘P+a—jP2+~- (4)

where A, and 4., A,,... are the numerical constants. On the other hand, 4,
fulfilis the following thermodynamic relation due to the similarity between
Eq. (3) and Eq. (4):

2°RT

A0= M (5)

In the case of a monatomic gas, the specific heat ratio y° is 5/3. Then we
are able to determine the radius of the spherical resonator by using Eqs. (4)
and (5), whereas the sound velocity W is determined simultaneously from
the W/a values.
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Once a is known, the numerical constants 4,, A;, and 4, in Eq. (4)
are determined by a lcast-squares fitting to the measured sound-velocity
data. A relation between 7° and cg is given as follows since cg= v+ R:

1
= _.—_—_’:6
1—Rje,

0

Y (6)
where R denotes the universal gas constant. From Egs. (5) and (6), we can
derive cg, and at the same time, the second acoustic virial coefficient f§, can
be determined as

_ RTA,

po="1 (7)

2.2. Perturbation Terms

The deviations of the measured frequency from the ideal condition
have been carefully discussed by Mehl and Moldover [6]. They corrected
such deviations by perturbation terms including a thermal boundary layer
term, bulk loss term, shell correction term, imperfect spherical-geometry
correction, ctc.

The following three major perturbation terms are taken into con-
sideration in the present mcasurements. The first and dominant perturba-
tion term among them is the effect of thermal boundary layer. The acoustic
wave is substantially considered to propagate under an adiabatic process,
whereas it becomes isothermal process in the neighborhood of the shell.
Such a thermal boundary layer correction is given as follows:

. . ovy—1 Dt . ‘«_lDt nla
(4 —idg)u=— (4t [Pelin (G2 DDy, yylunde )

2a*n

where D, = 4/(pc,) is thermal diffusivity.

The first term on the right-hand side of Eq. (8) is thc usual thermal
boundary layer term, whereas the second term is the correction for the
effect of curvature of the wall surface, which is usually small enough in
comparison with the first term. We have therefore neglected this second
term in the present analysis. The third term in Eq. (8) represents the
temperature-jump effect, where the thermal accommodation length /, is

A [rMT (2— h)/h
la_P 2R ¢,/R+1)2 ©)

{, is inversely proportional to pressurc but proportional to the square root
of temperature. We calculated the thermal accommodation coefficient 4 in
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Eq. (9) according to the analytical method proposed by Ewing et al. [8],
but its magnitude appcared to be insignificant. Therefore the third term on
the right-hand side of Eq. (8) was also neglected.

The second perturbation term is the elastic effect of the shell wall. The
shell being a rigid body is the ideal condition in the present thcory but it
behaves as an elastic body in practice. Such a correction for nonideality is

represented by
(1427 oW >{ Jin }
Af g = 3 3 5 10
e b N v (19

where t=h/a with inner radius a and outer radius b of the shell and
W' =2naf, ,/Z,, is the sound velocity without any perturbation terms. pg,
denotes the shell density, W, is the speed of longitudinal waves in the shell
material, and f, is the breathing-mode resonance frequency, which is given

by
P —1 W,
fbr:(\/2n2(t——1)(1 +2t3)><7> (1D

The last perturbation term considered is a correction for the acoustic
energy dissipation within the viscous fluid:

dgy=r (1) (43D, +(G=1)D] (12)

where D, =#/p is the kinematic viscosity.

3. EXPERIMENTAL APPARATUS

The experimental arrangement used is illustrated in Fig. 2. The spheri-
cal resonator S is placed in the pressure vessel Q, which is immersed in the
thermostated bath U. This experimental apparatus consists of three
subsystems: signal measuring subsystem, temperature control/measuring
subsystem, and pressure measuring subsystem. By the signal measuring
system, the frequency, amplitude, and phase difference are measured by
frequency synthesizer J and lock-in amplifier K. By the temperature
control/measuring subsystem, the temperature is controlled by using a
25-Q standard platinum resistance thermometer, E;, with PID controller A
and measured by another 25-Q sheathed standard platinum resistance
thermometer, E,, with a precision AC bridge D, (Tinsley, Type 5840D).
By the pressure measuring subsystem, the pressure is detected by the quartz
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Fig. 2. Experimental apparatus.

pressure gauge L (Paroscientific, Model 702). The thermostated bath U is
filled with water throughout the present measurements.

The present apparatus has been designed for measurements covering
temperatures from 243 to 423 K and pressures up to 2 MPa. The pressure
vessel Q is made of SUS-304. The upper part is the flange with the con-
necting pipe for introducing the sample gas into the pressure vessel, the
originally designed valve V, separates the sample gas from the resonator S,
and the sheathed standard platinum resistance thermometer E, is mounted
through the bore on the flange. The thickness of the flange is 25 mm and
the radius of that is 175 mm. The lower part is like a bowl whose thickness
is 6.5 mm at the bottom. Figure 3 shows the spherical acoustic resonator,
which is made of SUS-304 and consists of two hemispherical parts, (1) and
(2). The inner radius of the resonator is about 50 mm, whereas the wall
thickness is 20 mm. The inner spherical surface was machined to mirror-
finish and we paid full attention to assemble the two halves into perfect
spherical alignment.

The upper part (1) is installed with two transducers, a sound
generator M, and a sound detector M,, and the valve configuration (3) for
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(1) : Upper part
(2) : Lower part
(3) :Valve, Vv,

M,, M, : Transducers

Fig. 3. Spherical resonator.

introducing the sample gas into the resonator. The transducers are set at
an angle of 90°. The transducers permit measurements for temperatures
below 423 K and frequencies from 0.7 to 20 kHz.

4. EXPERIMENTAL PROCEDURE

After confirming the thermal-equilibrium condition, the temperature
and pressure of the sample gas were measured with the sheathed standard
platinum resistance thermometer E, and pressure gauge L. The frequency,
amplitude, and phase difference of the acoustic wave were measured with
the  lock-in amplifier K and frequency synthesizer J. It takes 10 min to
measure all parameters with the aid of a personal computer. When a series
of measurements for radially symmetric modes is completed at a prescribed
temperature and pressure, we reduce the pressure step by step at the same
temperature for succeeding measurements. It takes several days to complete
a full series of measurements along a specified isotherm.
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5. DETERMINATION OF RESONATOR RADIUS

The inner radius of the spherical resonator at the prescribed tem-
perature is required to deduce the sound velocity. The radius of the
resonator is determined accurately from the measurements with monatomic
gases. Argon is a monatomic gas whose physical properties are well-known,
especially in the dilute gaseous phase. Argon’s specific heat ratio should be
equal to 5/3. The sound velocity of argon is about 300 m-s~', which
means that five radially symmetric modes are within the range of
measurable frequencies. In the case of helium, however, the sound velocity
is about 500 m-s ', which means that only two radially symmetric modes
are available. Therefore, we selected argon for the present purpose of deter-
mining the resonator radius. In Fig. 4, the measured frequency for gaseous
argon at every 2 Hz from 1 to 20 kHz at 273.155 K and 240 kPa is shown
as a typical example. The resonance peaks of the radially symmetric modes
from (0, 1) to (0, 5) have been observed to be sharper and clearer than
those of nonradially symmetric modes.

In this process of assigning modes for respective peaks, we have
assumed that the first peak at 2.04 kHz is a non-radially symmetric mode
(1, 0) as shown in Fig. 4, since the smallest value Z,, corresponding to the
smallest frequency f;, should be equivalent to the mode with Z , .

In the ideal condition, the relation between the sound velocity W and

the resonance frequency /7, is given by
Wz
0 — Ln 13
L Dna (13)
0.08 J T T
Ar 273.155 K
>
= 0.06r ©,1) ©0,2) ©3) (04 05
o 22)
§ 0.04F i
3.
£
< 0.02} i
(1,0)
0.00 1 J\w UL
0 5 10 15 20
f ., kHz

Fig. 4. Overall resonance frequencies in measurements of sound
velocities in argon.
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If a thermodynamic equilibrium condition is established, the sound velocity
W would be a constant at any mode:

Sl
Zl,n

= const. (14)

The perturbation terms in Eq. (2) which affect the sound velocity to within
10.01% are disregarded in the present study. Hence, we obtain

(
Ln ﬁn
Zl,n Zl,n ( )

In order to confirm that the first peak observed at 2.04 kHz is the non-
radially symmetric mode (1, 0), we carefully examined the observed peaks
in the light of the serial mode numbers thus calculated from Egs. (14) and
(15). One example of the peak observation in frequencies between 10 and
11 kHz for gaseous argon at 273.155 K and 240 kPa is shown in Fig. 5,
where the frequency mode (2, 2) is unfortunately non-radially symmetric.
Therefore, we could determine the frequencies for the radially symmetric
modes from (0, 1) to (0, 5).

The sound velocities in gaseous argon were measured at temperatures
from 273 to 348 K (ITS-90) and pressures from 5 to 240 kPa. The data
were correlated along each isotherm by a simple linear function of pressure,

0 04l T T T T T T T T
’ R Ar 273.155 K
(2.2) -

> 0.03F |
E I ]
8 g0z 03) ]
g I
ot
E ool ]

0. 00—

10.0 10.2 10.4 10.6 10.8 11.0
f . kHz

Fig. 5. Typical example of detected resonance frequencies near the
mode (0, 3) in measurements of sound velocities in argon.
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since argon is a typical ideal gas. The thermophysical properties used to
evaluate the perturbation terms for argon are given below:
Second virial coefficient [7]:

B=3425—-1170x 10*T~* - 9.56 x 10°T 2 (16)
where B is in cm®-mol ! and T is in K.
Thermal conductivity [7]:
A=16.382 +0.052(T —273.16) + 2.16p (17)
where 4 is in mW-m~'.K~!, pisin kg-m 3, and T is in K.
Dynamic viscosity [7]:
n=20.973 4+ 0.064(T —273.16) + 0.01111p (18)

where 5 is in pPa-s, p is in kg-m~, and T is in K.

Figure 6 shows the deviation of the present measurements for argon at
a temperature of 273.155 K from the proposed correlation of the sound
velocity, i.e.,

W2 =94754.9 + 0.283P (19)

where Wisin m-s ! and P is in kPa.

The present measurements are represented by this correlation within
1£0.01 %. The dashed line is a correlation reported by Ewing et al. [8].
The present correlation agrees very well with the correlation by Ewing
et al., within 50 ppm.

0.0 1+

Q Tt

o

b Ar 273.155 K 0

x 0.010 0 i

— 0, 00 © o o ° 8

— 0.005 0] Eqg.(19) i

v ) /Ewing et al. {8] A

° Al A A & 4 8

E 0.000 w@;\\p\ 5] . a "

. 0 o7 2 5

F-o.005p 7 0° ¢ e — o
g @ 8 g © g :

~ -0.010 AT T T S
50 100 150 200 250

P kPa

Fig. 6. Deviation from the correlation of sound velocity in argon
at 273.155 K. This work: () (0,1); A (0,2); [ (0,3); © (0,4);
® (0,5).
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Fig. 7. Deviation from the correlation of the resonator radius.

Based on the sound-velocity measurements for argon along six
different isotherms, the inner radius, a, of the resonator was correlated by
the function of temperature given below:

a=49.7575+8.601 x 107*T (20)

where a is in mm and T is in K.

Equation (20) reproduces the present measurements within +40 ppm
and the resonator radius has been determined as shown in Fig. 7. The
experimental uncertainties in temperature and pressure measurements are
estimated to be +11 mK and +0.5 kPa, respectively. The purity of argon
used was 999999 wt%. The uncertainty of the resonator radius is
estimated as +69 ppm by including the maximum deviation of the
measurements from Eq. (20) and systematic error.

6. RESULTS

6.1. Experimental Results for HFC-134a

For HFC-134a, radially symmetric modes from (0, 2) to (0, 5) were
determined for each measurement. From those four modes, 23 sound
velocities in gaseous HFC-134a were determined at temperatures 273 and
298 K (ITS-90) and pressures from 10 to 250 kPa, as shown in Table 1. The
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Table I. Sound Velocity for HFC-134a

Too P w
(K) (kPa) (m-s~")
273.154 189.75 150.961
170.15 151.686
150.33 152.408
130.08 153.134
109.37 153.865
90.16 154.536
68.94 155.264
50.01 155.905
29.97 156.576
10.04 157.235
298.217 251.05 157474
230.59 158.049
210.58 158.603
190.74 159.146
170.38 159.699
150.09 160.243
130.25 160.773
110.15 161.303
90.59 161.815
70.31 162.341
50.19 162.856
30.03 163.373
10.05 163.888
0.05 ————1——r——1
r Piao et al. [11] ]
- + HFC-134a 1
2 + l ]
= x| .
N + +
> + + ++ + + + o+
- ’%V + * t k.
o +§\7 E
| ++ i ﬁv + + 4
p t, v + ]
< + gv 3
x + g é ]
-0 10 T Hg -
;E o
x
-0.1587¢ ,

N SIS N1 PRSI ST S S S 1
0 50 100 150 200 250 300
P, kPa
Fig. 8. Deviation from Piao’s equation of state [11] for sound
velocity in HFC-134a at 273.154 K. This work, 273.154 K: A

(0,2); I3 (0, 3); © (0,4); ® (0, 5). Goodwin and Moldover [9]:
V¥, 270 K; +, other temperatures.
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measured sound-velocity data were correlated along each isotherm by a
guadratic polynomial of the form

W2=A0+A1P+A2P2 (21)

where A,, A,, and A, are numerical constants. The thermophysical
properties used in the perturbation terms are as follows.
Second virial coefficient [91]:

B=79.95[1—1.1006{exp(601.6/T)—1}] (22)

where B is in cm®-mol~! and T is in K.
Ideal-gas specific heat [9]:

cp/R=2.2540+0.0317T - 16.8 x 10-°72 (23)
where T is in K.
Thermal conductivity [9]:
1 =129.742 —0.1796T + 4.265 x 10~ *T* (24)

where 4 is in mW-m~!-K~* and T is in K.
The viscosity for gaseous HFC-134a is derived from the following
modified Eucken equation [10] with the aid of Eq. (24).

AM/n=1T1R+132¢,/y (25)
: o HFC-134a §
S 0'02_—% ) VV Piao et al. [11]]
T 0.00 k83 7 v
= 7“ v@x X 1
_ K& 6 g X ]
- 0.02‘\7&\7 E; § % @X v X v X |
i 79 Eg X v \
;-0.04-%”+-@M X J
RU . Vyg v v " géé
<, "0-08F A . & -
X r v g v * 3
E—O.OS— - Vo —
-O‘iO-Lv P NSNS Y P PR | P} P
0 50 100 150 200 250 300
F ., kPa

Fig. 9. Deviation from Piao’s equation of state {11] for sound
velocity in HFC-134a at 298.217 K. This work, 298.217K: A
(0,2); &1 (0, 3); & (0,4); ® (0,5). Goodwin and Moldover [9]:
+,290K; x, 300K; V, other temperatures.
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Table II.  Ideal-Gas Specific Heat and Second Acoustic Virial

Coefficient for HFC-134a

T90 ﬂa

(K) /R (cm® - mol 1)
273.154 9.6729 —-937.6
298.217 10.2100 -758.2

The present measurements together with the data reported by
Goodwin and Moldover [9] are compared with an equation of state
developed by Piao et al. [11] in Figs. 8 and 9. Goodwin and Moldover
reported sound velocity in gaseous HFC-134a with a claimed accuracy of
+0.01% for temperatures from 233.16 to 340 K and pressures from 5.6 to
575 kPa. Figure 8 is prepared so as to demonstrate the excellent agreement
of the present results along 273.154 K with the data along 270 K by
Goodwin and Moldover, while our data along 298.217 K fall between the
290 and the 300 K (2 runs) isotherms reported by them as shown in Fig. 9.

The experimental uncertainties in the temperature and pressure
measurements are estimated as +12 mK and +0.5 kPa, respectively. The
purity of HFC-134a used was 99.98 wt %.

The ideal-gas specific heat ¢} and the second acoustic virial coefficient
f. have been determined from the present measurements as given in
Table II. The present ¢ values together with those reported by Goodwin
and Moldover [9] are compared with the correlation developed by
Goodwin and Moldover in Fig. 10, while a similar comparison with respect

S 0.2 ‘ A e B A
— HFC-134

: 0.0 A - i

1 a 4 A o A

o8 4 o)

o -0.2}F . -
—~ Goodwin and Moldover [9]

g a

OOQ —.'0'4 " 1 . L . L " 1 %4.;
~ 230 250 270 280 310 330 350

7 K
Fig. 10. Deviation from Goodwin’s correlation [9] for the ideal-

gas specific heat for HFC-134a. (()) This work; ( A ) Goodwin and
Moldover [9].

840/14/4-10



754

Hozumi, Koga, Sato, and Watanabe

O . 7 la T T 1 T T
3 [ HFC-134a
X 0 a
— Goodwin and Moldover [9]
- A
IE O . O A A A 1
e 4 s a 1
@« A0 ]
~ A
g L
5 I 4 1
Q)f - O N 7 L 1 L L : | - I 2 L1 i
— 230 250 270 290 310 330 3570
7, K
Fig. 11. Deviation from Goodwin’s correlation [9] for the

second acoustic virial coefficient for HFC-134a. (()) This work;
(A) Goodwin and Moldover [97].

to B, is shown in Fig. 11. It becomes clear that the present cg and f, values
for HFC-134a agree with the respective correlation proposed by Goodwin
and Moldover within +0.12 and +0.47 %, respectively.

6.2. Experimental Results for HFC-152a

Using the correlation for the radius of the resonator given in Eq. (20),
we measured 92 sound velocities in gaseous HFC-152a at temperatures

from 273 to 348 K (ITS-90) and

pressures from 10 to 250 kPa. These
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Table IIl.  Sound Velocity for HFC-152a

Tso P w
(K) (kPa) (m-s~1)
273.165 172.17 191.463
160.13 192.003
140.19 192.890
120.26 193.764
99.91 194.645
79.48 195.515
60.07 196.331
39.88 197.169
19.48 198.005
9.83 198.399
298.151 229.98 199.375
209.15 200.087
190.04 200.732
169.95 201.405
150.17 202.059
129.80 202.727
109.98 203.371
89.47 204.032
69.66 204.665
49.76 205.295
29.88 205.921
20.00 206.233
9.97 206.549
313.158 25343 204.439
240.20 204.826
220.3t 205.401
200.22 205.977
179.39 206.570
160.05 207.115
140.07 207.675
119.70 208.244
100.10 208.788
79.82 209.345
59.26 209.908
40.10 210432
19.89 210.986
9.83 211.264
318.158 247.66 206.448
240.03 206.659
219.41 207.225
200.13 207.751
180.01 208.296
159.91 208.836
140.19 209.363
119.99 209.900
99.98 210431
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Table III.  ( Continued )

Ty P w

(K) (kPa) (m-s ")
80.03 210954

59.99 211.476

39.86 211.999

19.85 212.516

9.96 212.778

328.153 249.22 210.017
239.99 210.248

220.01 210.745

199.89 211.241

180.05 211.728

159.83 212.221

140.12 212.699

100.12 213.663

80.03 214.144

60.06 214.618

39.52 215.104

20.03 215.566

9.95 215.809

338.156 258.96 213.304
240.49 213.722

219.92 214.184

200.28 214.624

179.86 215.080

15991 215.522

140.25 215.957

120.13 216.402

100.03 216.842

80.00 217.279

59.90 217.719

3891 218.173

19.87 218.585

10.03 218.806

348.158 257.55 216.751
240.04 217.112

220.03 217.523

200.39 217.925

180.07 218.338

160.02 218.747

140.14 219.148

120.06 219.553

100.10 219.954

80.10 220.356

59.99 220.759

39.81 221.160

20.13 221.554

9.96 221.769
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results were determined from four radially symmetric modes (0, 2)—(0, 5).
The results are presented in Table III and the behavior of the different
isothermal sound-velocity measurements are shown in Fig. 12.

The measured sound-velocity data were correlated along each
isotherm with Eq. (21). The thermophysical properties used in the
perturbation terms are as follows. »

Second virial coefficient [12]:

p.B = (0457208 — 1.89826T ) M (26)

where p. is in kg-m 3, B is in dm®-mol™!, M is in kg -kmol !, and
T,=T/T, is reduced temperature.
Ideal-gas specific heat [13]:

) /R =3.421564 + 3.937963T, + 4.3990607 ; — 1.969414T; (27)

We used the viscosity values from our own correlation given below, which
was developed on the basis of measurements reported by Takahashi et al.

[14]

2 3
n=y, ( Y mj,k:rk> P/ (28)
j=0 \k=0

where # is in pPa-s and 7 is in K.

The numerical constants in Eq. (28) are given in Table IV. The
thermal conductivity was derived from the modified Eucken equation,
Eq. (25), with the aid of Eq. (28).

Figure 13 shows the deviation of the present measurements at
273.165 K from the proposed correlation, Eq. (21). The measurements at
each mode deviate from the correlation systematically but only within
+ 60 ppm. Similar agreements were also found for the measurements along
other isotherms. The experimental uncertainty in the present sound-
velocity measurements is estimated to be not greater than +0.01 %, which

Table IV. Viscosity for HFC-152a, Eq. (28)

k
j 0 1 2 3
0 43631 33431 x 1073 1.0909 x 10~ —1.0236x 107
1 —14522 94110 x 102 —1.9992 x 10~ 1.3815%x 107

2 21.909 —1.6952x 107! 43862 x 10~* —3.7751x 10~7
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3 ig» HFC-152a 273.165K 1
o [, e o © 9@
~ 20F a4 s & 7
. 0o 07 C
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T ool o i
~ L Eq.(21) 1
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0 50 100 150 200

P , kPa

Fig. 13. Deviation from the correlation of sound velocity
in HFC-152a at 273.155K. This work: A (0,2); O (0, 3);
© (0,4}, 8(0, 5).

includes the scatter of data with four different modes at each temperature.
The experimental uncertainties in temperature and pressure measurements
are estimated as +11 mK and +0.5kPa, respectively. The purity of
HFC-152a used was 99.8 wt %.

The ideal-gas specific heat cg and the second acoustic virial coefficient
B. have also been determined from the present measurements as given
in Table V. The ideal-gas specific heat and the second acoustic virial
coefficient are determined by the regression analysis of the present
sound-velocity measurements. The standard deviations for cg and f, were
calculated as +0.065 and +0.30%, respectively.

A dimensionless cg correlation was developed based on the present
measurements as

¢®/R=3.3390 + 5.47738T, +0.9723377? (29)

Table V. Ideal-Gas Specific Heat and Second Acoustic Virial
Coefficient for HFC-152a

T90 a

(K) Y/R (cm3 -mol )
273.165 7.6993 —917.2
298.151 8.1391 —740.9
313.156 8.4074 —-662.6
318.158 8.5118 —636.2
328.153 8.7003 —591.6
338.156 8.8805 —553.2

348.158 9.0567 —518.7
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Figure 14 shows the deviation of obtained cg values from the correlation.
The dashed line is a correlation reported by McLinden [13]. Our data
agree with Eq. (29) within +0.10% and the maximum difference between
our and McLinden’s correlations was 0.45% at about 330 K.

On the other hand, §, was correlated by an expression of the form

B.= —5.3662x10° +24.928 T — 3.16206 x 10272 (30)

where f, is in cm® -mol ~! and T is in K.

On the basis of the present f, values, we have also derived the second
virial coefficient B so as to compare them with the experimental values of
Qian et al. [12], who used the Burnett apparatus for HFC-152a. The
thermodynymic relation between B, and B is given below:

dB (y°—1)* __d*B
=2B+2(° - )T —+~——"~T2 "= 31
Bu=2B+26° - DT Gt 12 5 (31)
We have simply applied the square-well potential model for B. By
calculating Eq. (31) on the basis of the square-well potential model, a
trial-and-error approach to find the optimum potential parameters was
necessary, and we developed the following expression as the final result:

B=0.69[1—67.087 {exp(735/T)—1}] (32)

where B is in cm®-mol ! and T is in K.

The B values thus calculated from Eq. (32) on the basis of the present
B. values for gaseous HFC-152a are compared with the experimental data
and correlation reported by Qian et al. [12] in Fig. 15. They agree well,
within 4 1% with each other.

(@)

(@] T T T T

- 0.6 6 :This work HFC-152a |

X 0.4t e

- P Eq.(27)

0.2t 77 Eqe) ol -

C)<J O

. 0 / 0] o]

2 0.0

g 0 o o

o8 -0.2 L ,

NS 270 290 310 330 350
T, K

Fig. 14. Deviation from the correlation of the ideal-gas specific heat
for HFC-152a.
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-300 —r ———r
0
. -400
§
°
£
- -500 F
Q
m -600 \
Eq.(32)
_700 ! 1 I L 1 1 1 L
260 280 300 320 340 380

r ., K

Fig. 15. Comparison with the experimental second virial
coefficient values and correlations for HFC-152a.

7. CONCLUSION

Twenty-three sound velocities in gaseous HFC-134a were measured
for temperatures 273 and 298 K and pressures from 10 to 250 kPa by
means of the spherical acoustic resonator. They agree with the data
obtained by Goodwin and Moldover within the respective claimed uncer-
tainties of +0.02%. Ninety-two sound velocities in gaseous HFC-152a
were measured at temperatures from 273 to 348 K and pressures from 10
to 250kPa. The  experimental wuncertainty in the sound-velocity
measurecments for HFC-152a was estimated to be not greater than
1 0.01 %.

The ideal-gas specific heat and the second acoustic virial coefficient
were deduced from the present measurements with standard deviations of
+0.065 and +0.30%, respectively. Then the second virial coefficients for
gaseous HFC-152a were derived from the present second acoustic virial
coefficients with the aid of the square-well potential model. The second
virial coefficients thus derived agree with the values experimentally deter-
mined by means of the Burnett method in our laboratory within +1%.
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NOMENCLATURE

a Inner radius of resonator

A4 Amplitude

b Outer radius of resonator

B Second virial coefficient

p Isobaric specific heat

¢, Isochoric specific heat

D, Thermal diffusivity

D, Kinematic viscosity

f Frequency

Sor Breathing-mode resonance frequency

Sin Resonance frequency

&in Half-width

h Thermal accommodation length

i ( - 1 )1/2

l, Thermal accommodation coefficient

M Molar mass

P Pressure

R Universal gas constant, 8.314471J -mol ~' - K !

T Temperature

T, Critical temperature for HFC-152a, 386.44 K

T, Reduced temperature, 7/T,

T Temperature (ITS-90)

W Sound velocity

W Measured sound velocity without any perturbation
correction

W, Speed of longitudinal waves in shell material

Z, nth root of /th-order spherical Bessel function

Greek

Ba Second acoustic virial coefficient

y Specific heat ratio

Va Third acoustic virial coefficient

Af Perturbation correction for resonance frequency

Af 4 Perturbation term by the elasticity effect of the shell wall

(4f —1 Ag) Perturbation term by the effect of the thermal boundary
layer

Ag Perturbation correction for half-width, 3. (4g),=g,.

Agy Perturbation term by the correction for the acoustic

energy dissipation
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n Viscosity

A Thermal conductivity
P Density

Po Critical density for HFC-152a, 368 kg -m ~>
Psh Shell density

¢ Phase difference
Subscripts

cal Calculated value

exp Measured value
Superscript

0 Ideal-gas condition
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