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ABSTRACT

The hydrofluorocarbons (HFC's) including pure and mixture refrigerants of
HFC-32, HFC-125, HFC-134a and HFC-143a are the mos promisng environmentaly-
safe compounds for replacing ozone depleting HCFC-2 and R-502 in ar-conditioning
systems and large-scale commercid refrigeration units.

The didectric congtant of the dternative refrigerants is important for the study
the dectric properties of these polar fluids It dso gives indght to devdop the molecular
theory of liquids, and, a the same time, it is an important parameter for the desgn of
the mechinery used in the ar-conditioning and refrigeration indudry. This paper reports
measurement of the doatic didectric congant of HFC-125, in the liquid phese
performed by usng the direct capacitance method & 10 kHz and for temperatures from
214 to 304 K and pressures up to 16 MPa The repestability of the measurements was
found to be less than + 07 x 10™* and the uncertainty is estimated to be better than +
0.72 x 10% We provide a complete set of tables of experimenta data as a function of
temperature, pressure and densty, which cover the didectric property needs for most
enginering applications. The data obtained was used to edablish didectric equations of
date as a function of dendty and temperature and as a function of pressure and
temperature.

Moreover, in order to dudy the dependence of the didectric congant on
temperature, pressure and dengty, we have gpplied the molecular theories of polar
liquids, such as the equation of Vedam & d. [23], adapted by Diguet [4] and the
Kirkwood modification of the Onsager eguation [56. The apparent dipole moment
obtained wasnt = 2.482 Debye.

From the didectric equation of dtate it was possble to make edtimation of the
isobaric therma expanson coefficent and of the isotheema compressibility of HFC-
125, in the range Studied.

KEY WORDS: dielectric condant, dipole moment, HFC-125, Kirkwood eguation,
isobaric therma expanson coefficient, isotherma compressibility, Vedam equetion.



1. INTRODUCTION

One of the most urgent issues to be solved in the refrigerant indudries is to
identify the optimum dternative refrigerant to replace the conventiond R-502 (an
azeotrope of HCFC-22 and CFC-115), which is being dominantly used in low-
temperature refrigeration system. A binary mixture of HFCG-125 and HFC-143a (R507)
and a ternary mixture of HFGC-125/13d/143a (R-404A) are conddered as the mogt
promisng candidates to replace R-22 and R-502. Pentafluoroethane (R-125) was tested
by the Progranme for Alternative Huorocarbon Toxicity Testing (PAFT) and
consdered as a non-toxic, a non-genotoxic and non-mutagenic compound.

The dielectric congtant of HFCG-125 was messured as a continugtion of our
resserch program for the determination of the dieectric propeties of some
environmentaly acceptable  refrigerants and  their  mixturess We have previoudy
reported delectric congant data and the subsequent dipole moment in the liquid State
for saverd pure fluids, such as, HCFC-141b, HCFC-123, HCFC-142b, HFC-134a [7.9],
HFC-32 [9], HFC-152a [17], and for some refrigerant mixtures, namely R-410A 1 [10],
R-404A2, R-407C® and R-507* [11]. In this work we present accurate experimental
results of didectric congant of HFC-125 as a function of temperaiure and pressure in
the liquid phase, providing an information for indugrid needs. Usng a direct
capacitance method, measurements were carried out a 10 kHz, from 214 to 304 K and
pressures from 2 to 16 MPa.

The isobaric thema expanson coefficient and of the isothermd
compresshility, ap and ki , were caculated from the didectric equations of dae
deve oped.

! A HFC -based nearly azeotropic mixture, composed by HFC-32/HFC -125.
ZA ternary zeotropic blend composed by HFC-125/143a/134a,

3 Also a zero ozone depletion blend composed by HFC -32/125/134a

* The azeotrope of HFC-125 and HFC -143a.



2. EXPERIMENTAL

The experimentd technique peforms dbsolute measurements of  didectric
congtant, based on a direct capacitance method. The sample handling and the apparatus
performance have been described in detall by Gurova et d. [12], while a description of
the cdl has been presented by Mardolcar et d. [13]. Vacuum capacitance was measured
prior to filling the cdl with the sample An impedance andysr (Shlumberger, modd
1260) was used, with an accuracy of 5 10* pF. The technique employed a four termind
connection to the cdl in order to compensate for parasitic impedances. The mean vaue
of a 10-dimensond sample teken a a 10 kHz frequency provides the experimenta
vaue of didectric congtant, which proved to be properly suited to the working accurecy.
All the measuring process involving indrumentation is now fully astomaied and
operaed from a computer grephics user interface, which dso provides storage and
descriptive gatigtics to the data.

The temperature of the cell was measured with a cdibrated (at 4 points) plaiinum
resstance thermometer (100 W a 0 °C), located near the sample. The resistance of the
Pt-100 thermometer was determined with a four-wire measurement, with a 5 12 digitd
multimeter (Kethley, modd 199 DMM). This ingrument was aso cdibrated with three
standard resstors. The sensor was calibrated at four points.

The pressure vessd is immersed in a cylindrical copper vessd cooled by a
serpentine connected to a commercid cryostat (Julabo, modd FPW90-SC), filled with
ethanol and operative in the temperature range from 183 to 373 K, with an accuracy of
0.1K.

The vacuum system consisted of a 2-dage rotary pump and was used to obtain the
measurements of the capacitance of the empty cdl and to dean dl the system before
filling in the cell with the samples. Vacuum points were stable in the order of 10 pF
over the duration of this study.

For the measurements of capacitance under pressure, a high-pressure line was
built, composed by a HIP manud liquid-pressure generator and an  ar-operated,
digphragm-type compressor (Newport Scientific). The pressure was measured with a
pressure transducer from Setra Systems with an uncertainty of 0.01 MPa The sample
used has been obtained from Elf-Atochem, France, with an estimated purity of 99.5%.
Its state of purity and physica properties can be seenin Table 1.



Table 1. Physical propertiesand purity of HFC-125

Chemicd name Pentafluoroethane
ASHRAE Nomenclature R-125
Molecular formula CHF.CF;
Rdative Molar Mass (g/mol) 120.02
Boailing point @ 1am (°C) -48.6
Estimated water content (ppm) <10
Purity (%) >095

A schematic diagram of the gpparatus set-up for the measurements of the dielectric
condant in the liquid phease is presented in figure 1.

A-Two Stage Rotary Pump
B-Rirani Gauge
C-Refrigerator Circulator

D-PressureContainer K-Single-Stage Rotary Pump

E-Impedance Analyzer D C L-Pressure Generator
F-Multimeter G M-Pressure Gauge

N-Rupture Disk

G-Gas Samy

H_Hiash prgre Compressor V1/V6-High Pressure Valves
|-R£ n w V7-High Presstwo-way Vave
JPrimary Compressor

Fig.1. Schematic diagram of the experimental appar atus.

The refrigerant was messured without further purification. The measurements
were performed a an average of 10 isotherms separated by »10 K, in seps of 1 MPa,
from 2 to 16 MPa The vaues of the dengty of R-125 were caculated usng a 32-term
modified BenedictWebb-Rubin (MBWR) equation of date, proposed by Outcdt and
McLinden [14], which represents avalable experimentd data from 174 to 448K and
pressures to 68 MPa with a maximum deviation of + 0.2 %, in the region corresponding
to the present measurements.

The uncertainty of the experimentd measurements of the didectric congtant with
the present gpparatus was found in previous papers to be better than 0.16 % [1, 7, 8, 17],



for a confidence intervd of 95%°, reflecting the uncertainty in the temperature, pressure
and capacitance measuranents (in the fluid and in vacuum). For the didectric constant
measurements with HFC 125 the vadue of the uncetanty is edimaed to be
+ 0.72x 10°.

3. RESULTSAND DISCUSSION

The following relation gives the didectric congant of the fluid:

_C(p,T)
*Te,m ®

where C(p,T) is the geometric capacitance at pressure p and temperature T and Cy(T) is

the capacitance under vacuum at a temperature T. Table 2 presents the data obtained as
afunction of pressure and dengty for each isotherm, for the refrigerant studied.

Table 2. Experimental values of the Dielectric Constant of H FC-125°

p(MPa) r (kgm3) e p(MPa)r (kgm® e pMPar (kgmd) e

T,=303.74K Th=273.19K Th=243.31K

1600 129824 51485z 1600 140528 626914  16.00 150249 7.6399%
1499 1209185 511837 1500 140102 624447 1500 149948 7.6184(
1400 128530 50870z 1400 139663 621937 14.00 1496.39 7.5968]
1300 127839 50543¢ 1300 139213 619277 1300 149324 7.5747i
1199 127108 502044 1200 138747 616666 1200 149005 7.5529¢
11.00 126355 49840z 1100 138266 613874  11.00 1486.79 7.5300]
1000 125547 49464 1000 137771 611013 1000 148346 7.5071:
900 124691 490617 9.0C 137258 6.08062 9.0C 148008 7.4838:
799 123775 486352 80C 136724 6.049%5 80C 147662 7.460
700 122803 4.8186¢ 70C 136172 6.0187 70C 147306 7.4359%¢
6.00 121747 47703 6.0C 135598 5980646 6.0C 146945 7.4109¢
500 120591 4.7162c 50C 134998 595193 50C 146574 7.3861(
401 119326 4.66147 4.0C 134369 591568 40C 146193 7.3593i
300 117891 4.59737 30C 133708 5.87978 30C 145801 7.33261
201 116267 45249 20C 133019 5.84240 20C 145402 7.3055¢

5 Herewe use the 1SO definition of uncertainty, with k=2 (95% confidence). Using the common
caculation for accuracy, the vaues reported must be divided by 2.
6 T,isanomind temperature. All experimental points measured a a given temperature T, closeto T,,,

where adjusted to this temperature, by using € (T, p) =e (T, p)+€e%9 (.- T).
ell g



Th=294.08 K
1600 133308
1500 132753
1400 132177
1300 131577
1200 130951
11.00 130299
1000 129617

900 128398
800 128136
700 127335
6.00 1264.86
500 125571
400 124588
300 123513
200 122334

Table 2. Experimental vaues of the Didectric Constant of HFC-125 (contn’ d)

54816
54534¢
542441
5.3940¢
5.3630:
5.33044
5.29617
5.2602¢
5.22241
518241
5.14094
5.0960¢
5.0483¢
4.9964¢
4.9409=

Th=263.32K

16.00
15.00
14.00
13.00
12.00
11.00
10.00
9.0C
7.9€
7.0C
6.0C
5.0C
4.0C
3.0C
2.0C

143808
1434.29
1430.39
142641
142232
141812
141378
1400.34
1404.73
140001
139515
139011
1384.87
137942
1373.77

6.68550
6.66185
6.63776
6.61299
6.58781
6.56213
6.53548
6.50866
6.48060
6.45191
6.42282
6.39290
6.36180
6.32898
6.29534

T, =233.19K

16.00
15.00
14.00
13.00
12.00
11.00
10.00
9.0C
8.0C
7.0C
6.0C
5.0C
4.0C
3.0C
2.0C

1534.25
153154
1528.79
152599
1523.14
1520.24
1517.29
1514.30
1511.21
1508.12
1504.97
1501.75
149847
149512
1491.68

8.1946¢
81744
8.1538¢
8.1333¢
8.1128¢
8.0912¢
8.0696:
8.0476&(
8.024%
8.0022«
7.9794¢
7.9555¢
7.931%
7.9079]
7.8827¢

p (MPa) r (kgm?)

e

p (MPa) r (kg )

e

p(MPa) r (kgm® e

T,=283.21K T =253.29 K
160C 1371.1= 587740 1600 147069  7.14283
150C 13663z 585120 1500 146733 712118
140C 13613z 582372 1400 146387  7.09862
13.0C 1356.1€ 5.79544 1300 146034 7.07/~45
120C 13508z b5.76684 1200 145673 7.05170
11.0C 13452¢ 5.73639 1100 145304 7.02735
100C 13395 570600 1000 144925  7.00258
90C 13335 567351 900 144537 697736
80C 132727 56404 800 144140 695149
70C 1320.7= 560552 700 143732 692499
6.0C 131384 556917 6.00 143313 6.89847
50C 1305.8¢ 553081 500 142882 687060
40C 12989z 549199 400 142439 684253
3.0C 1290.7c 544786 300 141979 681299
20C 12819t 540315 200 141505 6.78240
T,=214.32K
p(MPar (kgmd e

1600 159205 940676

1500 1589.84 9.38960

1400 158761 9.37041

1300 158533 935174

1200 158302 9.33209

1100 158068 9.31215

1000 157831 9.29232

Th=223.20K
16.00 1565.11
1500 1562.67
14.00 1560.19
1300 1557.65
1200 1555.08
11.00 155249
10.00 1549.87

9.00 1547.24
8.00 1544.55
700 154181
6.00 1539.04
500 1536.20
401 153336
301 153044
200 152743

880421
8.7847¢
8.7653i
8.7447¢
8.7243:
8.7034:
8.6829:
8.6625:
8.6417:
862041
859871
8.5769;
8.5549¢
8.5321%
8.50964



900 157592 9.27243
800 157353 9.25279
700 157110 923317
600 156864 9.21291
500 1566.12 9.19204
401 156358 917107
300 156097 9.15001
200 155852 9.12981

The experimentd data of the didectric congant were fitted by an iterative c?
method (each iteration implemented by a LevenbergMarquart procedure) to a function
in density and temperature, of the following form (T inK and r inkg m):

4 +a,r L
-

e(r ,T):ao+? @

with a standard deviation of 0.08%.

For indudrid needs the data were dso fitted to a function in pressure and temperature
according to the equation (p in MPaand T inK):

b
e(p,T)=bo+?l+b2p+¥ <)

with a sandard deviation of 0.21%. The coefficients of eg2 and eg.3 with ther
uncertainty are givenin Table 3.

Table 3. Coefficients of the dielectric equations of state (eq.2 and eq.3)

a a /K 10%a, /kg* m® a/ K m3kg*

5141 + 0086 -1866+ 29 -3.3867 + 0.0521 2471+ 0017

by b/ K 10%,/MPa by K MPa™

-6.364 + 0031 3314+ 7.8 8.908 + 0.309 -15426 + 0.784

An andyss of the experimentd data of didectric condant as a function of dengty
is dso presented in this paper. The Vedam formaism was applied based on the work of
Vedam et a. [3] and Diguet [4]. According to this theory, the variaion of the didectric

7



congant with pressure is a function of the deformation of the volume, showing a non
lineer behaviour in the case of the liquids This nonlineerly can be reduced when the
vaidaion of e, D, is andysed as a function of the Eulerian deformation, S, dso named
Euleian dran. It is possble to veify tha S provides a liner rddion for D
independently of the type of molecules that compose the fluid. We have used the
rdation between e and the Eulerian srain, S which is defined, according to the
Vedamreation, as.

Dze}é(r)-e%(ro)zAS+B @

0%“ )

Here rq is the reference dendty, taken in this case as the saturation vaue for each
isotherm. The saiuration dendty data of R125 was cdculated usng the equations of
date provided by Outcalt and McLinden[14].

The cdculations made, show that the function D indeed represents a linear varidion

with the Eulerian Strain S, as can be seen infigure 2.

016
014

012 |
D 010 |
008 |
006 |
004 |
002 |

Om v | | | | | | | |
0.000 0005 0010 0015 0.02080.025 0030 0035 0040 0045

—%—30874K —A—29408K —=#—-28321K —+-27319K —X-263.32K
—6—25320K —0—24331K —4—23319K —H-22320K —#—21432K

Fig.2. Variation of D with the Eulerian Strain, S (eq.4).



Table 4 presents the values of the coefficients A and B of the Vedam equation for
each isotherm. The intercept vaues are closer to zero for al isotherms, B @O0. The dope
of the linear variation of D with S is negative for al temperatures decreasing linearly
with the increase with temperature, as expected from the theory.

7.0

o
o
T

Vedam Slope
o
o

»
o
T

Vgope=-0.0296 T + 12.701

210 230 250 270 290 310
T (K)

w
o

Fig.3. Graphical representation of the Vedam slope.

Assuming that B=0 (eg4) it is possble to use the Vedam rdation to esimate the
didectric congant vaues. In the present work, as reported before [1,10,11,15, we have
esimated the new vaue of A’, by fitting the experimentd results as a function of S and
forcing the congtant B to be equd to zero. In this case the Vedam equation tekes the

following form:

The new vaues of the dope A’ according to eq.6 are presented dso in Table 4.



Table 4. Values of the constantsA and B of the Vedam equation (eg.4) and values
of the constant A’ in eq.6

TK) rea (kg e =) A B A

21432 15532 9080 -63685 000088 -65186
22320 15217 8473 -61038 -000142 -58903
23319 14852  7.846 -57912 000184 -55538
24331 14467 7263 -55071 000151 -53404
25329 14069 6733 -52290 -0.00071 -51622
26332 13647 6238 -49207 000037 -49502
27319 13205 5781 -46442 000091 -4.7040
28321 12720 5342 -43302 000176 -44249
20408 12140 4834 -40091 000200 -4.0941
30374 11557 4484 -37114 000125 -37535

We can edimae the varidion of the didectric congant with dendty for each
isotherm.  Figure 4 presents the deviations between the edtimated vaues and the
experimentd data of didectric congant, caculated according to this method. As can be
seen they are random and smaller than 0.25%.

0.15
0.10 r

S 005 ¢ > 3
= -005 | o X ¥ .
]

-0.10 o XX
X
-0.15 ® X
-0.20 °
-0.25 1 1 1 1 1
1100 1200 1300 1400 1500 1600 1700
r (kgm?®)

217.65K © 223.65K & 233.15K & 243.15K < 253.15K
% 263.15K O 273.15K X 283.15K @ 293.15K A 303.15K

(
o
8
%
%«
g’%
2

Deviation
>
[ }

Fig.4. Deviations from the experimental data of the dielectric constant values

[(evr-eexp) ! eep *100], according to the Vedam relation (eq.6).
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The only molecular theory that can be gpplied to the present data, in the absence
of daa on the refractive index of the liquid, is the theory of molecular polarizability
developed by Kirkwood [6] after the definition of Onsager's locd fidd [5]. In this
theory, an goparent dipole moment of the liquid nt is cdculated from the following
relation:

(e- 1(2e+1) N, gﬁ .\ (m*)2 ﬂ @
e

where M is the reative molar mass of the fluid, No is the Avogadro number, a is
the molecular polarizability of the molecule, eg the dectric pamittivity in vacuum, T the
absolute temperature, kg the Boltzmann congant and r represent the vaues of densty
determined using the equation of date proposed by Outcat and Mclinden [14],
evduaed a the experimentd (T, p) points. The goparent dipole moment is m*=g”2 m
where mis the dipole moment in the ided gas date and g is the Kirkwood correlation
parameter, that measures the restriction to rotation imposed by a cage of molecules
surrounding a given one. The value of nt can be caculated by a linear regresson of the
left-hand Sde of eg.7 as a function of L/T. The experimental measurements were used
to cdculate the Kirkwood function, and Figure 5 shows its variaion with /T for HFC-
125, aswdl asthe vaue of the gpparent dipole moment obtained (Nt = 2.482 D).

0.00015
& m#* =
E 000013 | 2.482D
[}
2
T 000011 |
(]
o
%
— 0.00009
=
0.00007
0.003 0.0035 0.004 0.0045 0.005
UT (K™
| ® Ri125 — Linear (R125)

Fig.5. Kirkwood function vs. 1/T for HFC-125.
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Using the vaue of the dipole moment of HFC-125 (m =1.563 D) in the gas phase

[16), the value of the Kirkwood parameter g was found to be equd to 2.52. In figure 6
we can see the percentage deviations from the linear fit. The maximum deviaion does
not exceed 0.3%. The advantage of thismodd isthe physicd insght behind it.

0.3
0 o0 0 o o0
ooO o
02 r o
(e]
o
9 0 o0 o
L o o o
;\30.1 08868088880000
\C/ OOOOOOO OOOQO
S oy co0800g°%0°08
g 8888000808 OooO
D_Ol— Oo 860 86%80
. g o 0088
o
0.2 o
_0.3 1 1 1
0 5 10 15 20
p (MPa)

Fig.6. Deviationsfrom the linear fit of the Kirkwood function for HFC-125.

The vaue of the didectric equations of date developed (Egs. 2 and 3) can be usd
to cdculae the vaues of the isobaric therma expanson coefficient (expandvity), a,, as
wel as the isothema compressibility, kr. The patid derivetives that have to be
cdculaied to obtain these coefficients have very smal vaues, and for these reasons the
vaues of apand k1 are dso smal [15]. This is an important characteristic of the liquids,
snce the region of application is far from the criticd point. From the definition of a,

and kT, we can write

ol O
. iamro _18mg
CrETa o ®
T

with
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The vadue of ap, may then be caculated from equations (2), (3), (8) and (9), the
vaue of k1 from equations (2), (3) and (10). Table 5 displays the va ues obtained.

Table5. Coefficients of expansivity and compressibility for R125

p(MPa)  10°a,(KY) 10°kt(MPa®) p(MPa) 10°a,(K?Y) 10°kt(MPa?)

Tn=214.32K Th=263.32K

1600 168 132 1600 231 4
1499 172 132 1500 2% 3%
1400 176 132 1400 241 36
1300 179 133 1300 245 7
1199 183 133 1200 250 33
1100 187 133 11.00 2% 39
1000 191 133 1000 261 30
9.00 19 133 9.00 266 1

7.99 199 134 7.99 272 €'oY)

7.00 203 134 7.00 277 363

600 207 1% 600 283 35

500 211 134 500 289 36

401 215 1% 400 205 367

300 219 135 300 01 30

201 223 135 200 307 370

Th=223.20K Ta=273.19K

1600 178 166 1600 246 410
1500 182 166 1500 251 412
1400 186 167 1400 257 413
1300 190 167 1300 262 44
1200 194 167 1200 263 416
11.00 198 167 1100 273 417
1000 202 168 1000 279 418
9.00 206 168 9.00 255 420

800 210 168 800 201 42

7.00 214 169 7.00 207 423

13
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7.00 259 308 7.00 31 657
6.00 264 309 6.00 390 663
5.00 270 310 500 402 669
400 275 311 401 415 676
300 280 312 300 430 634
200 286 313 201 447 64

Although these results can not replace, in the future, direct measurements of these
coefficients they represent a good estimae of these vaues and an additiond benefit of
the didectric congant messurements in the liquid dae, especidly when there is no
andyticd equaion of date avalable. The direct computation from the present MBWR
EOS is posshle, and expected to have an uncertainty of the same order of magnitude (2
3%).

Egs (8) and (10) are generd and can be agpplied to any form of the didectric
equation of date.

4. CONCLUSIONS

This work contributes to increese our knowledge about the behaviour of polar
fluids in the liquid date. It presents accurate dielectric congtant measurements of one
environmentaly safe refrigerant, HFG-125, in the temperature range 214304 K and
pressure from 2 to 16 MPa The experimentd vaues were correlated as a function of
densty and temperature and as a function of pressure and temperaiure, generating two
different didectric equations of Sate for thisfluid.

The Eulerian formaism deveoped was used to andyse the data, and as in
previous sudies, it can be concluded that it represents a powerful estimation method for
the dependence of the didectric congtant with dengity.

The Kirkwood theory, which dlows the evaduation of the vaue of the apparent
dipole moment nt, was dso goplied to cdculate the Kirkwood corrdation factor, g,
found to be 252. When compared with the previous sudy of HCFC-123, HFC-152a,
HFC-32, HCFC-141b, HCFG-142b and HFC-134a [17] it is possble to condude that
there is some restricted rotetion of the molecule in the liquid Sate.

Using the derivatives of the didectric eguaions of dae e = f (p, T) ad
e = f (r, T), the isobaic themd expandon coefficent and the isotherma
compressibility have been dotained, with an estimated uncertainty of 2-3%.
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List of symbols

Gresk symbals

a - poaizability

a p— isobaric thermal expansion coefficient

¢ 2— iterative method

e - didectric congant (electric permittivity) of the liquid
e - didectric congant (electric permittivity) in vacuum
r -dengty

I o- reference dendty

m- dipole moment in the gaseous phase

nt - goparent dipole moment in the liquid phese

D - defined by eg. (4)

S - Euleian grain

Roman symbols

a; - coefficientsof eq. (2)

bi— coefficients of eg. (3)

g - Kirkwood factor

k g — Boltzmann constant

p — pressure

A, B- codfficients of eg. (4)

A’ — coefficient of eg. (6)

C — geometric capacitance of the cdll filled with the liquid
Co - geometric cgpacitance of the cdll in vacuum
No— Avogadro number

T — absolute temperature
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