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A thermodynamic property formulation for dimethyl ether has been developed based
on a selection of experimental thermodynamic property data. The formulation includes a
fundamental equation, a vapor-pressure equation, and saturated-density equations for
liquid and vapor states. In determining the coefficients of the equation of state, multi-
property fitting methods were used that included single-phase pressure-density-
temperature (ppT), heat capacity, vapor pressure, and saturated density data. Deviations
between experimental and calculated data are generally within the experimental accuracy.
The equation of state has been developed to conform to the Maxwell criterion for two-
phase liquid-vapor equilibrium states, and is valid for temperatures from the triple-point
temperature to 550 K, with pressures up to 50 MPa and densities up to 19 mol dm™3. The
uncertainties of the equation of state in density are 0.1% for the liquid phase and 0.3% for
the vapor phase. In the extended critical region, the uncertainties in density are 0.5%,
except for very near the critical point. The uncertainties in vapor pressure are 0.2% above
230 K, and increase as temperature decreases. The uncertainties in saturated liquid den-
sity are 0.05%, except for near the critical point. The uncertainties in heat capacity are
2.0%. Detailed comparisons between the experimental data and calculated values are
given. © 2011 American Institute of Physics. [doi:10.1063/1.3582533]
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1. Introduction

Dimethyl ether ((CH;),0, RE-170) is the simplest ether
and is a colorless gas at atmospheric conditions. The physical
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TABLE 1. Physical constants and characteristic properties of dimethyl ether

Symbol Quantity Value

R Molar gas constant 8.314 472 J mol™! K~!
M Molar mass 46.068 44 g mol™!
T. Critical temperature 400.378 K
De Critical pressure 5336.8 kPa
Pe Critical density 5.940 mol dm™>
Ty Triple-point temperature 131.66 K
P Triple-point pressure 2.2 Pa
Pipy Vapor density at the triple point 2.020% 107° mol dm™>
Pyl Liquid density at the triple point 19.150 mol dm™
T Normal-boiling-point temperature 248.368 K
Prbpy Vapor density at the normal boiling point ~ 0.0510 mol dm™>
Prbpl Liquid density at the normal boiling point 15.958 mol dm™
) Acentric factor 0.196
Ty Reference temperature for ideal-gas 273.15 K
properties
Po Reference pressure for ideal-gas properties 1.0 kPa
hg Reference ideal-gas enthalpy at T 23242.00 J mol™!
9 Reference ideal-gas entropy at Ty and p,  131.3883 J mol™! K~!

characteristics and properties of dimethyl ether are given in
Table 1. Dimethyl ether is an important raw material that is
widely used for pharmaceutical, alternative fuel, pesticide,
and chemical applications. It is useful as a precursor to other
organic compounds and as an aerosol propellant. Since the
last century, researchers have found that dimethyl ether has
excellent combustion characteristics, and mixtures with it
can replace diesel as a fuel; dimethyl ether produces minimal
NO, and CO when combusted, and the use of dimethyl ether
as a fuel additive has been extensively investigated.1 In ad-
dition, dimethyl ether is a potential green refrigerant with an
ozone depletion potential equal to 0, and a global warming
potential equal to 0.1 (over 100 years, CO,=1).% At present,
dimethyl ether is produced primarily by converting hydrocar-
bons, predominantly from natural gas.

The thermophysical properties of dimethyl ether are very
important, and many researchers have measured its proper-
ties. In recent years, the authors’ groups have launched a
systematic study on the thermophysical properties of dim-
ethyl ether. At present, we have acquired much experimental
data for this fluid, such as the critical parameters, saturated-
vapor densities, saturated-liquid densities, vapor pressures,
puT properties, and so on* !

Thmels and Lemmon'? developed a fundamental equation
of state for dimethyl ether in 2007. Their equation is a ten-
term equation explicit in the Helmholtz energy without
Gaussian bell-shaped terms. The equation is valid from the
triple-point temperature (131.66 K) to 525 K, with pressures
up to 40 MPa and densities up to 19 mol dm~3. Many experi-
mental data have been published since the equation was de-
veloped, hence the equation of state for dimethyl ether needs
to be updated. Comparisons of the two equations of state
were performed.

The purpose of this work is to develop the auxiliary equa-
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tions and the equation of state for dimethyl ether on the basis
of an extensive collection of experimental data.

2. Critical and Triple Parameters of
Dimethyl Ether

The critical parameters are important fundamental proper-
ties for the fluid and are a prerequisite for the development of
the auxiliary equations and equation of state. The authors
launched a search on the existing critical parameters of dim-
ethyl ether and found that the differences between these data
are significant. Detailed information can be found in Table 2
(temperatures are converted to ITS-90) and Figs. 1-3.

It is difficult to determine the critical parameters. As de-
scribed in detail in Wu’s Ph.D. dissertation,3 there are short-
comings and faults in the classical methods for determining
the critical parameters. After comprehensive analysis and
evaluation, we used the critical temperature T
=(400.378 =0.01) K that was determined by the authors’
groups previously.3’6 It is difficult to accurately determine the
critical density because of the infinite compressibility at the
critical point and the difficulty of reaching thermodynamic
equilibrium. The critical density was determined to be
(5.94+0.25) moldm™ during the fitting process of the
equation of state. The critical pressure was determined from
the final equation of state as a calculated point at the critical
temperature and density—the value is (5336.8 = 50) kPa.
Figures 1-3 show the critical temperature, density, and pres-
sure as functions of the year that they were reported.

The triple-point temperature of dimethyl ether was mea-
sured by Kennedy et al. B with a reported value of 131.66 K.
Since the triple-point pressure is too small to be measured
directly, it was calculated to be 2.2 Pa from the final equation
of state. The other fundamental constants are given in Table
1.

3. Auxiliary Equations

The auxiliary equations include the vapor-pressure equa-
tion and the saturated-density equations for liquid and vapor
states. The properties along the saturation lines can be calcu-
lated quickly and expediently through them. In order to keep
consistency over the whole thermodynamic surface, the
properties must be calculated with the equation of state. At
saturation, application of the so-called Maxwell criteria is
needed, which includes an iteration procedure. These criteria
require equal Gibbs energies and equal pressures for the
saturated-liquid and vapor states at the same temperature.
The auxiliary equations are not required, but they can be
used to calculate the initial value for the iteration to speed up
the calculation.

3.1. The vapor-pressure equation

Table 3 summarizes the available experimental vapor-
pressure data for dimethyl ether. There are at least 42 vapor-
pressure data sets for dimethyl ether, but most of them devi-
ate significantly from each other. As the experimental data at

J. Phys. Chem. Ref. Data, Vol. 40, No. 2, 2011
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TABLE 2. Published critical parameters of dimethyl ether

Critical Critical Critical Density

Year  Authors Temperature (K)  Pressure (kPa) (mol dm™) Data Type

1883  Nadezhdin® 402.8 Experimental
1897  Ledue and Sacerdote® 5800 Experimental
1907  Briner and Cadoso™ 400 5400 Experimental
1908  Briner and Cadoso™ 400.2 5400 Experimental
1923 Cardoso and Bruno® 400.0 5270 Experimental
1923 Cardoso and Coppola36 5.891 Experimental
1932 Winkler and Maass®’ 399.4 5400 Experimental
1933 Winkler and Maass™ 399.6 Experimental
1933 Tapp ef al.” 400.0 4.895 Experimental
1935 Edwards and Maass™® 400.0 5330 5.351 Experimental
1936 Pall and Maass®' 400.0 Experimental
1970  Oshipiuk and Stryjek42 400 Experimental
1970 Zawisza and Glowka®  400.3 5359 6.100 Experimental
1991  Noles and Zollweg* 399.40 5270 Experimental
1992 Noles and Zollweg45 399.4 5264 Experimental
2001  Kudchadker er al.*® 400.2 5340 5.969 Recommended
2004  Wu er al’ 400.378 5355.8 Experimental
2004  Wu er al.’ 400.378 5356 5.904 Experimental
2005  Tswji’ 399.60 5293 6.265 Estimated

2005  Yasumoto ef al.*’ 399.63 5268 5.883 Experimental
2007  Thmels and Lemmon'? 400.3 5340.5 6.013 Experimental
2008  Wu and Yin" 5335.1 Estimated

2011  This work 400.378 = 0.01 5336.845+50 5.94+0.25 Estimated

“Reported in the work of Yasumoto et al?

low temperatures are very limited and scattered, the data
evaluated from measured isochoric heat capacities in the
vapor-liquid region by Wu and Magee8 were used, from a
method for evaluating vapor pressure from internal energy
measurements proposed by Duarte-Garza and Magee.14 A
new vapor-pressure equation for dimethyl ether has been cor-
related with the Wagner equation in the 2.5, 57 form."® The
equation is given by

403

@ This work ¢ Briner et al. (1907)
X XX Briner et al. (1908) ¥ Cardoso et al. (1923)
R Edwards et al. (1935) X Thmels and Lemmon (2007)
¥ Kudchadker efal. (1992) X Nadezhdin et al. (1883)
+  Noles et al. (1991) @ Noles et al. (1992)
# Oshipiuk et al. (1970) @ Pall ez al. (1936)
402 |- 4 Tapp et al. (1933) <4+ Tsuji (2005)
& Winkler et al. (1932) S Winkler et al. (1933)
4 Wu et al. (2004) @ Wuetal. (2004)
B Yasumoto et al. (2005)
g 401
=
& _d
=
X *
400 - K #m *
* *
© ®
1 1 1 1 1 1 1 1 1 1 1 1

399
1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Year

FiG. 1. Reported critical temperatures 7, of dimethyl ether as a function of
the year published.

J. Phys. Chem. Ref. Data, Vol. 40, No. 2, 2011

T,
ln(&) = _C(}’l16+ n201'5 + n392'5 + n405),
pc) T

where n;=-7.112782, n,=1.971 239, n3=-2.276 083, n,=
—2.215774, 6=(1-T/T,), and p,, is the vapor pressure. The
values of the critical parameters are given in Table 1.

(1)

3.2. The saturated-liquid density equation

The experimental saturated-liquid density data are summa-
rized in Table 4. The data reported by Maass and Boomer'®

6.50
6.25 |- <
*
6.00 |- s ha )
® G
I 575 |-
S
5.50 -
E
Y &
525 |-
@ This work @® Cardoso et al. (1923)
4 Edwards et al. (1935) 7 Thmels and Lemmon (2007)
5.00 < Kudchadker et al. (1992) > Tapp et al. (1933)
el < Tsuji (2005) @® Wuetal. (2004)
# % Yasumoto et al. (2005) X Zawisza et al. (1970)
475 " 1 1 1 1 " 1 1 " 1 n 1
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

FIG. 2. Reported critical densities p, of dimethyl ether as a function of the

year published.



EQUATION OF STATE FOR DIMETHYL ETHER

5800 ™
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FiG. 3. Reported critical pressures p. of dimethyl ether as a function of the
year published.
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are quite old (1922), and the uncertainty of the data reported
by Wu et al.* is about 0.1 mol dm™>. Hence, neither source
was used to develop the new saturated-liquid density equa-
tion. The data reported by Wu and Magee8 and the values
generated by the final equation of state of this work from
346 to 400 K were used to correlate the saturated-liquid den-
sity equation by use of the simplex method."” The saturated-
liquid density can be represented by

!
2—: L+ n,6°% + ny 007 + 0y 009 + 0,y 019, (2)
C

where 1n,=7.884 834, n,=—10.516 328, n;=5.39142, n,
=0.404 890, 6=(1-T/T,), and p’ is the saturated-liquid den-
sity.

TABLE 3. Summary of vapor-pressure data for dimethyl ether

Year Authors Number of data (used) Temperature range (K) AAD (%) Bias (%)
1922 Maass and Boomer'® 21 206-249 1.94 -1.91
1923 Cardoso and Bruno® 23 273-400 1.00 -0.372
1941 Kennedy er al.” 16 172-248 1.71 1.71
1972 Glowka™ 3 323-363 0.597 —0.400
1981 Tsang and Streett* 9 273-387 1.47 —1.44
1982 Chang et al.> 7 273-393 1.63 -0.212
1984 Preuss and Moerke! 3 288-308 0.179 -0.179
1986 Calado et al.”* 1 182 0.643 0.643
1988  Holldorff and Knapp>® 19 254-320 0.091 0.089
1991 Noles and Zollweg* 3 283-363 0.449 0.032
1991 Preuss et al.>* 333-373 0.063 -0.063
1992 Noles and Zollweg® 6 283-395 0.387 0.387
1992 Pozo de Fernandez et al.™ 8 283-387 0.265 0.168
1992 Tsujimoto et al.* 22 283-393 0.247 0.139
1995 Jonasson et al.”’ 3 288-316 1.72 1.72
1995 Jonasson ef al.”® 14 274-393 0.909 0.173
1998 Bobbo ef al.? 2 303-323 0.182 -0.182
2000 Bobbo et al.>’ 4 280-320 0.164 -0.164
2000 Bobbo er al.®’ 3 283-313 0.190 -0.045
2000 Giles and Wilson®' 2 273-323 0.211 -0.211
2001 Teodorescu and Rasmussen® 4 288-353 0.495 0.495
2002 Florusse et al.®® 24 288-399 0.471 0.471
2002 Bobbo ef al.* 4 258-303 0.078 -0.078
2002 Laursen et al.® 5 208-320 1.19 -0.552
2003 Daiguji and Hihara® 10 263-383 0.105 -0.032
2004 Bobbo er al.”’ 3 278-308 0.250 -0.250
2004 Wu et al.’ 39 233-400 1.641 1.641
2005 Bobbo er al.®® 283-343 0.464 —0.464
2005 Fedele et al.%’ 3 258-293 0.171 0.136
2005 Valtz et al.™ 27 278-361 0.190 —0.190
2006 Corvaro et al.”" 70 219-361 0.448 -0.035
2006 Im et al.” 6 313-363 0.476 0.177
2007 Thmels and Lemmon'? 19 (19) 264-397 0.111 -0.009
2007 Im et al.” 6 313-363 0.486 0.383
2007 Park et al.™ 6 323 0.063 —0.020
2008 Wu and Yin'® 39 (31) 213-393 0.267 0.200
2009 Wu and Magee® 150(150) 132-280 0.062 0.005
2010 Tanaka and Higashi® 6 310-360 0.121 0.034

J. Phys. Chem. Ref. Data, Vol. 40, No. 2, 2011
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TABLE 4. Summary of saturated-liquid density data for dimethyl ether

Number of data

Year Authors (used) Temperature range (K) AAD (%) Bias (%)
1922 Maass and Boomer'® 11 232-261 0.135 -0.076
1923 Cardoso and Coppola36 12 273-400 1.201 —-1.201
1936 Pall and Maass"! 26 287-393 0.245 —0.245
1940  Grosse et al.” 12 193-273 0.398 -0.398
1951  De Mallemann et al.”® 2 198-250 0.323 -0.221
1986  Calado et al.” 1 182 0.116 0.166
2003  Wu et alt 24 227-342 0.936 -0.936
2003  Wu et al’ 31 213-368 0.115 0.115
2004  Wu et al’ 18 302-400 0.807 0.487
2005  Bobbo er al.® 7 283-343 0.116 0.081
2006  Wu et al’ 9 233-323 0.488 —0.384
2009  Wu and Magee® 91(91) 133-345 0.004 0.002
2010  Tanaka and Higashi® 6 310-360 0.250 -0.250

3.3. The saturated-vapor density equation

As shown in Table 5, the experimental saturated-vapor
density data are limited; only 51 data points are available.
Even worse, 13 of them are quite old and the rest were ob-
tained by the same group, so that the internal consistency
among different groups could not be checked. Values gener-
ated from the final equation of state in this work with the
Maxwell criteria were used in developing the saturated-vapor
density equation with the simplex method."” The saturated-
vapor density can be represented by

"
ln(p—> = 1, 0975 4 023 4 1y 683 4 0y 073 4 g 693,
Pc

3)

where n;=-4.136 444, n,=-4.302 025, n;=-12.032 140,
n,=-39.527 936, ns=-89.476 860, 6=(1-T/T,), and p" is
the saturated-vapor density.

4. The Equation of State

The equation of state developed in this work is formulated
by using the Helmholtz energy as the fundamental property
with temperature and density as independent variables,

AT,p) = f(T,p) + f(T,p), 4)

where f is the Helmholtz energy, f°(T,p) is the ideal-gas
Helmbholtz energy, and f*(T,p) is the residual Helmholtz en-

TABLE 5. Summary of saturated-vapor density data for dimethyl ether

Temperature
Number range AAD  Bias
Year Authors of data (K) (%) (%)
1923 Cardoso and Coppola™® 13 273-400 592  —246
1941  Kennedy et al." 1 247 133 -13.3
2003 Wu et al.’ 31 213-368 267 231
2004 Wu et al.® 7 367-400 438 438

J. Phys. Chem. Ref. Data, Vol. 40, No. 2, 2011

ergy. Modern equations of state are often formulated in this
way because all other thermodynamic properties can be cal-
culated through the derivatives of the Helmholtz energy.l&19
The dimensionless reduced Helmholtz energy becomes

fTp) _fTp) f(Tp) _
RT ~ RT RT

¢°(7,0) + ¢'(7,9), (5)

where the inverse reduced temperature is 7=7,./7 and the
reduced density is d=p/p,.
4.1. Ideal-gas Helmholtz energy

The ideal-gas Helmholtz energy, in dimensionless form,
can be represented by

oT Sy ) Tl
¢°(T,5)=L——°—1+1nﬂ—1f 247
RT, R &7 RJ,T
17
+= J -2dr, (6)
R o T
where ¢ is the ideal-gas heat capacity, 7o=T./Ty &

P
=po/ pe, and py is the ideal-gas density, which can be calcu-

lated by the ideal-gas equation of state (py=py/RT,). The
parameters Ty, po, pg, by, and s; are arbitrary constants that
are used to set the enthalpy and entropy to a prescribed ref-
erence state. As shown in the above equations, the ideal-gas
heat capacity c2 is used to calculate the ideal-gas Helmholtz
energy. The ideal-gas heat capacity cg can be obtained by
statistical methods or by correlating experimental data. In
gener?g, all fluids can be fitted with the same functional
form,

0 4 2

¢ u exp(uy/T)

l=c+2v(—") e (7)
R V&N T) (expluyT) - 1)

where R=8.314 472 J mol~! K~! is the molar gas constant.”
Since there are no new precise data available, the equation
developed by Thmels and Lemmon'? was selected; the coef-
ficients and exponents are c,=4.039, u;=361 K, u,=974 K,



EQUATION OF STATE FOR DIMETHYL ETHER

0 0
P, Ca]C)/C[L data
#*

C

o
+
¥
n
¥
+
+
#
¥
f

p, data
T

100 (¢, ©
T

e birrrrvree e v bevrrre s b g
0 600 1000 1500 2000 2500 3000

Temperature (K)

+ Chao and Hall (1982)
O Kistiakowsky and Rice (1940)
* Seha (1955)

X Eucken (1948)
o Miyazaki ef al. (1991)

FiG. 4. Comparisons of ideal gas heat capacities cg calculated with Eq. (7) to
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u3=1916 K, uy=4150 K, v;=2.641, v,=2.123, v3=8.992,
and v,=6.191. Figure 4 shows comparisons of ideal-gas heat
capacities c2 calculated by Eq. (7) to experimental and the-
oretical data as a function of temperature 7.

The ideal-gas Helmholtz energy equation, derived from
Egs. (6) and (7), is

¢ =a,+a,7+In 8+ (cy—1)n 7

4
+ E v In[1 — exp(— u, 7/T.)], (8)
k=1
where
So
ap=-— 1 +1n(7'0/50)+C0—C01n 70— E
4
ukTO/TC
- ————  +1In(1 —exp(- /T,
g Uk 1- exp(ukTO/TC) ( xp(= w1/ T,))
=-1.980976, 9)
and
4
hy IT,
gy=—L S0 _ e ~3.171218.

RT. 7, kzlvkexp(ukTO/TC)—l
(10)

The ideal-gas reference state points are 7;,=273.15 K,
Po=1.0 kPa, h$=23 242.00 J mol !, and 59
=131.3883 J mol~! K~!. The values for 4 and s were cho-
sen so that the enthalpy and entropy of the saturated liquid
state at the normal boiling point are O kJkg™' and
0 kJ kg™! K™, respectively. Other reference states can also
be used. The values of the other coefficients are the same as
used in Eq. (7).
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4.2. Residual Helmholtz energy

Unlike the ideal-gas Helmholtz energy equation, the re-
sidual Helmholtz energy equation is fitted with large num-
bers of multiproperty experimental data, such as ppT, heat
capacity, sound speed, vapor pressure, saturated-liquid den-
sity, and saturated-vapor density. The authors have summa-
rized the available experimental data of dimethyl ether,
which are listed in Tables 3—7. The data finally used in fitting
the equation of state are also marked in the tables.

In this work, the nonlinear fitting algorithm used to opti-
mize the residual Helmholtz energy equation was based on
the Levenberg—Marquardt method.”' The fitting algorithm
minimizes the function

2
S= E Wp|: (pexEt - pcalc) :|
Pexpt

+2 Wp[ (pexgt_pcalc)(@>:|2
Pexpt ap
2
Cyexpt ~ Cu,cale
+2W6[<U, b= G n] . 0
v Cy.expt

where W specifies the weight assigned to a particular prop-
erty. A different weight W was assigned to each data point
used in the fitting process. The quality of the resulting equa-
tion of state is determined through comparison of calculated
deviations of individual data points and the total deviations
of specific data sets. The final weight on a data point should
reflect the approximate uncertainty. In general, data points
with uncertainties less than 0.01% are given final weights of
1000, those with uncertainties less than 0.1% are given final
weights of 10-100, those with uncertainties of 0.1%-0.2%
are often given final weights of 1, and those with higher
uncertainties are given weights of 0.01-0.1. Overall, the pro-
cess of fitting the equation of state is a process of finding a
balance between the weights and the reliable data.

There are some criteria for the equation of state to con-
form to expected behavior at experimentally accessible states
and at high temperatures and pressures. The values of #; in
the equation given below should be greater than zero, and d;
and /; should be integers greater than zero. The temperature
exponent ¢; on the density exponent d;=4 is fixed exactly to
1 for the equation of state to have proper extrapolation be-
havior at high densities and temperatures—Sec. 4.4 shows
that the extrapolation behavior of the equation of state is
reasonable at extremely high pressures, densities, and tem-
peratures. In addition, the number of polynomial terms used
should be limited to avoid irregular behavior; in this work,
only five polynomial terms are used: two to represent the
second virial coefficient (d;=1), one for the third virial coef-
ficient (d;=2), one for the fourth virial coefficient (d;=3),
and the term for the extreme conditions (d;=4). The work of
Lemmon and Jacobsen®® should be consulted for more infor-
mation.

In contrast to the equation of state developed by Ihmels
and Lemmon,12 the functional form used in this work

J. Phys. Chem. Ref. Data, Vol. 40, No. 2, 2011
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TABLE 6. Summary of ppT and virial-coefficient data for dimethyl ether
Number of data Temperature Pressure range AAD? Bias
Property Year Authors (used) range (K) (kPa) (%) (%)
ppT 1923 Cardoso and Coppola36 11 329-400 1323-5344 242 -22.6
ppT 1933 Tapp et al.* 3 273-313 100 0.194 0.194
ppT 1940 Grosse et al.” 3 253-273 101 0.157 -0.157
ppT 1962 Tripp and Dunlap’’ 21 283-323 16-92 0.060 0.060
ppT 1963 Lawley and Sutton™ 3 292-325 100 0.066 0.064
ppT 1970 Osipiuk and Stryjek*? 298-373 100 0.155 0.155
ppT 1971 Haworth and Sutton’ 3 298-328 100 0.066 0.066
ppT 2004 Wu et al.® 5 367-366 2927-5252 21.3 -21.3
ppT 2005 Bobbo er al.® 96 283-353 55035500 0.093 0.068
ppT 2006 Wu et al.® 7 253-323 101 0.416 -0.130
ppT 2007 Thmels and Lemmon'? 417(262) 273-523 877-40000 0.134 0.111
ppT 2007 Outcalt and McLinden® 129(128) 270-470 974-46719 0.065 -0.056
ppT 2009 Arteconi ef al.®® 88 298-363 535-1743 1.90 -0.645
ppT 2009 Arteconi et al.”’ 138 344-393 55-4015 0.326 -0.184
ppT 2009 Wu and Magee® 200(142) 152-344 0.1-33761 0.053 -0.050
ppT 2010 Tanaka and Higashi® 22 310-360 20005000 0.178 -0.178
ppT 2010 Yin and Wu'' 126 (90) 328-403 184-4733 0.106 -0.103
B 1933 Cawood and Patterson®' 3 273-313 439 -439
B 1961 Tripp® 6 283-323 40.7 —40.7
B 1963 Lawley and Sutton”” 3 292-325 15.1 -14.4
B 1970 Osipiuk and Stryjek® 4 298-373 40.7 -40.7
B 1971 Haworth and Sutton’ 3 298-328 16.2 -16.2
B 1992 Tsujimoto er al.*® 5 208-343 94.3 943
B 2009 Arteconi et al.”’ 30 344-393 8.66 3.97
B 2010 Yin and Wu'' 16 383-388 3.114 3.114
c 1992 Tsujimoto ef al.*® 5 298-343 70.6 70.6
c 2009 Arteconi et al.”’ 15 343-393 9.91 —6.34

“For the second and third virial coefficients, the AAD stands for average absolute difference, and the bias stands for average difference. The units for AAD
and bias of B and C are cm® mol™" and cm® mol2, respectively.

contains additional Gaussian bell-shaped terms, which were

first successfully used by Setzmann and Wagner.21 These

terms allow the equation of state of this work to have better

behavior in the critical region.

Based on the collected data and the ideal-gas Helmholtz

energy equation ¢°(7,9), the authors have developed the

residual Helmholtz energy equation ¢'(7, 5) using the fitting

methods of Lemmon;

2223

the equation is constrained by vari-

ous criteria explained elsewhere in the works of Span and

Wagner”* and Lemmon and Jacobsen.*” The form of ¢'(, 8)

is as follows and the coefficients as well as the exponents are

given in Table

8:

TABLE 7. Summary of caloric data for dimethyl ether

Number of  Temperature Pressure range ~AAD Bias

Property  Year  Authors data (used) range (K) (kPa) (%) (%)
Ay 1941  Kennedy et al."? 1 248 0377 0377
w 1939 Jatkar™ 2 246-274 101 0.607  0.607

w 1957  Richardson and Tait*® 76 289-317 3964-62156  5.39 5.39
Co 2009 Wu and Magee® 90 (79) 133-345 0.301 0.121
oo 2009 Wu and Magee® 90 133-345 0.679  0.621

¢, 1939  Jatkar™ 2 298-370 99-101 734 -734

¢ 1940  Kistiakowsky and Rice™ 4 272-370 100 439  -4.39
¢ 1941  Kennedy et al."? 32 (31) 137-245 Saturated 0275  0.070

liquid

¢, 1991  Miyazaki et al.% 12 303-343 200-500 250 245

¢ 2010  Tanaka and Higashi® 29 310-320 2000-5000  6.77 6.77
) 2009 Wu and Magee® 117(116) 133-345 0-33760 0.452  0.235

J. Phys. Chem. Ref. Data, Vol. 40, No. 2, 2011
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TABLE 8. The coefficients and exponents of the equation of state

i n; d; t; l; i Bi Yi g

1 0.029 814 139 4 1

2 1.435 17 1 0.4366

3 -2.649 64 1 1.011

4 -0.295 155 32 2 1.137

5 0.170 356 07 3 0.45

6 —0.946 429 18 1 2.83 2

7 -0.099 250 514 3 1.5 2

8 1.126 407 1 2 1.235 1

9 —0.769 365 48 2 2.675 2

10 -0.020 717 696 7 0.7272 1

11 0.245 270 37 1 1.816 1

12 1.186 343 8 1 1.783 0.965 336 1.287 19 1.277 720 0.672 698
13 —0.493 983 68 1 3.779 1.508 58 0.806 235 0.430 750 0.924 246
14 -0.163 887 16 3 3.282 0.963 855 0.777 942 0.429 607 0.750 815
15 —0.027 583 584 3 1.059 9.726 43 197.681 1.138 490 0.800 022

11

5
$(1.0) = 2 0,847+ 2,87 exp(= 8)
i=1 i=6

15
+ 2 m8hitiexp(= (8- )% - Bi(m— )?).
=12
(12)

4.3. Comparisons with experimental data

The experimental data available are listed in Tables 3-7,
with the temperatures converted to ITS-90. The percentage
deviation between the experimental data and the values cal-
culated from the equation for any property, X, is defined as

Koyt — X,

Ax:loo(M>. (13)
expt

With this definition, the average absolute deviation (AAD) is

defined as

N, expt

> |AX,

expt i=1

AAD =

, (14)

where N, is the number of data points. The bias is defined
as
Nexpt

> (AX)). (15)

expt i=1

Bias =

The AAD and bias between the experimental data and the
values calculated from the equation of state are listed in the
last two columns of the experimental data summary tables.

4.3.1. Comparisons with saturation thermal
data

The experimental vapor-pressure data are summarized in
Table 3. Comparisons of vapor pressures p,, calculated with

the equation of state to experimental data as a function of
temperature 7 are shown in Figs. 5 and 6. The equation of
state represents vapor pressures generally within 0.4%. At
high temperatures, the data of Thmels and Lemmon'? were
used in developing the equation of state, and the equation of

state represents the data generally within 0.1%. At low tem-

100 (po, exp - pc, cu]c)/po, exp
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FiG. 5. Comparisons of vapor pressures p,, calculated with the equation of
state to experimental data as a function of temperature (the range of the
y-axis is £0.5%). The solid line corresponds to values calculated from the
ancillary equation, Eq. (1). The dashed line corresponds to values calculated
from the equation of state of IThmels and Lemmon."?
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FiG. 6. Comparisons of vapor pressures p,, calculated with the equation of
state to experimental data as a function of temperature (the range of the
y-axis is =5.0%). The line corresponds to values calculated from the ancil-
lary equation, Eq. (1). The dashed line corresponds to values calculated from
the equation of state of Thmels and Lemmon."?

peratures, the experimental vapor-pressure data are very lim-
ited and scattered; the data reported by different authors de-
viate substantially from each other, as shown in Fig. 6. Vapor
pressures at low temperatures for dimethyl ether are too
small to be measured precisely with experimental methods.
Duarte-Garza and Magee]4 have successfully presented a
method of evaluating vapor pressure from internal energy
measurements. In this work, the vapor pressures at low tem-
peratures used in developing the equation of state were
evaluated from the measured isochoric heat capacity in the
vapor-liquid region by Wu and Magee.8 The equation of state
represents the evaluated data generally within 0.1% in vapor
pressure, and the deviations increase at lower temperatures to
0.35% near the triple point. Comparisons with the equation
of Thmels and Lemmon'? are also shown in the plots. Their
equation is very similar to the equation of this work at tem-
peratures above 230 K, but tends to follow the data of
Kennedy et al." at lower temperatures. The data of Kennedy
et al.” differ from the values derived from the data of Wu
and Magee.8

The experimental saturated liquid densities are summa-
rized in Table 4. The data reported by Wu and Magee8 were
used in developing the equation of state. As shown in Fig. 7,
the equation of state represents the data generally within

J. Phys. Chem. Ref. Data, Vol. 40, No. 2, 2011
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FiG. 7. Comparisons of saturated liquid densities p’ calculated with the
equation of state to experimental data as a function of temperature. The line
corresponds to values calculated from the ancillary equation, Eq. (2). The
dashed line corresponds to values calculated from the equation of state of
Thmels and Lemmon.'?

0.01%. The equation of this work is very similar to the equa-
tion of Thmels and Lemmon"? except for the region near the
critical point.

As shown in Fig. 8, the saturated-vapor density data are
very scattered. None of the data were used in developing the
equation of state, and the data generated from the Maxwell
solution of the equation of state were used in developing the
saturated-vapor density equation, Eq. (3).

3\ 0O 0000000 + + +
F )
7\\ a 0
L .
[ =] !
, +
2 o T !
L o R S
[ N o -7
- N o L
g r N o LT
= 1 RN a- "
(=Y L .ol -
/\'\u | Tt T o
_Tj I o a
[=% 07 o o /—/Y
' o
o r o o
:')‘3 C o 0 *
& L 0o o
o -1 °
S - o
- +
= + +
- +
C +
|- o
0 T T T T S Y I T oYY
130 170 210 260 290 330 370 410

Temperature (K)

+ Cardoso and Coppola (1923)
0 Wu et al. (2003)
Ancillary equation, Eq. (3)

* Kennedy et al. (1941)
© Wu et al. (2004)
= - - Thmels and Lemmon (2007)

FiG. 8. Comparisons of saturated vapor densities p” calculated with the
equation of state to experimental data as a function of temperature. The line
corresponds to values calculated from the ancillary equation, Eq. (3). The
dashed line corresponds to values calculated from the equation of state of
Thmels and Lemmon.'?
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FiG. 9. Experimetal ppT data as a function of temperature and pressure.

4.3.2. Comparisons with ppT data and virial
coefficients

The experimental ppT data and virial coefficients are sum-
marized in Table 6 and shown in Fig. 9. Figure 10 compares
densities p calculated by the equation of state to experimen-
tal data as a function of pressure p; the deviations are shown
in groups containing data within a 10 or 20 K interval. In the
liquid phase, the data of Wu and Magee8 and Outcalt and
McLinden® were used in developing the equation of state at
low temperatures, and the data of Outcalt and McLinden and
Thmels and Lemmon'? were used to develop the equation of
state at high temperatures, as it is very hard to judge which is
more accurate. In the gas phase, the data of Yin and wu'!
were used for developing the equation of state because the
data of Arteconi e al.”*®*’ have higher uncertainties. In the
critical region, the data of Outcalt and McLinden? were used
to develop the equation of state, as the uncertainties of the
data reported by Ihmels and Lemmon'? are larger in the criti-
cal region. Comparisons with the equation of Thmels and
Lemmon'? are also shown in the plot. The two equations are
very similar in the compressed-liquid region. In the gas re-
gion, the equation of Thmels and Lemmon'? deviates from
the experimental data, with decreasing errors as the pressure
decreases. In the critical region, the uncertainties of both
equations are higher, but the equation of this work is more
reasonable, as the new equation contains additional Gaussian
bell-shaped terms with coefficients fitted to data and con-
strained to new methods described by Lemmon et al

The equation of state represents the data of Wu and
Magee8 with an AAD of 0.052%, the data of Outcalt and
McLinden> with an AAD of 0.065%, the data of Thmels and
Lemmon'2 with an AAD of 0.134%, and the data of Yin and
Wu'' with an AAD of 0.106%. The reason for the higher
AAD of the data reported by Thmels and Lemmon'? is that
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FiG. 10. Comparisons of densities p calculated with the equation of state to
experimental data as a function of pressure. The dashed line corresponds to
values calculated from the equation of state of Thmels and Lemmon."?

deviations between the experimental data and the values cal-
culated with the equation of state in the critical region are as
large as 10%.

The reported data for the second virial coefficients and
third virial coefficients are summarized in Table 6. Compari-
sons of values calculated from the equation of state are
shown for the second virial coefficient in Fig. 11, and for the
third virial coefficient in Fig. 12. The scatter in the virial
coefficients is high, and the values were not used for devel-
oping the equation of state. The deviations show a downward
trend below 300 K. The same trend is found in the analysis
of Yin and Wu." Figure 13, in which the y intercept (zero
density) represents the second virial coefficient at a given
temperature, and the third virial coefficient can be taken
from the slope of each line at zero density, shows that the
behavior of the second and third virial coefficients as well as
the shape of the equation of state in the two-phase region are
reasonable.

4.3.3. Comparisons with caloric data

The caloric data for dimethyl ether are summarized in
Table 7 and shown in Fig. 14. There is only one data point
for the enthalpy of vaporization of dimethyl ether. The de-
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Fig. 11. Comparison of second virial coefficients B calculated with the
equation of state to experimental data as a function of temperature. The
dashed line corresponds to values calculated from the equation of state of
Thmels and Lemmon."

viation between the point and the value calculated from the
equation of state is 0.38%. There are two data sets for the
sound speed for dimethyl ether. The high deviations of the
data by Richardson and Tait®™® show that the data might be
suspect, and these data were not used in fitting.

For the saturation heat capacity, only the data set reported
by Wu and Magee8 is available, which is summarized in
Table 7. Figure 15 compares saturation heat capacities c,
calculated with the equation of state to experimental data as
a function of temperature. The deviations are generally
within 1.0%, and the average absolute deviation is 0.3%. The

'
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FiG. 12. Comparison of third virial coefficients C calculated with the equa-
tion of state to experimental data as a function of temperature. The dashed
line corresponds to values calculated from the equation of state of Ihmels
and Lemmon."?
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FiG. 13. Calculations of (Z—1)/p along isotherms versus density p in the
vapor-phase region and two-phase region. Isotherms are shown at tempera-
tures of 220, 240, 260, 280, 300, 400.378, 500, 600, 700, 800, 900, and
1000 K.

data of Wu and Magee8 were also used to evaluate the vapor
pressure at low temperatures with the method of Duarte-
Garza and Magee.14 Two-phase isochoric heat capacities ¢,
calculated with the equation of state are compared to experi-
mental data as a function of temperature in Fig. 16. The
average absolute deviation of the equation from the data is
0.68%. There is an upward trend in the deviations above
270 K.

The data available for the isobaric heat capacity are sum-
marized in Table 7. They are very scattered and were not
used in developing the equation of state except for the data
reported by Kennedy et al. 13 As shown in Fig. 17, the devia-
tions of the data of Kennedy et al.”® are generally less than
1.0%, except for one data point. The data of Tanaka and
Higashi,29 which also were not used for developing the equa-
tion of state, show positive deviations of 6.5%. The rest of

100.00

10.00

L

1.00

Pressure (MPa)

0.10

0.01 1 %
150 200 250 300 350 400

Temperature (K)

+ Jatkar (1939) x Kennedy er al. (1941)

O Kistiakowsky and Rice (1940) O Miyazaki et al. (1991)

* Richardson and Tait (1957) O Tanaka and Higashi (2009)
X Wu and Magee (2006)

FIG. 14. Experimental caloric data as a function of temperature and pressure.
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Thmels and Lemmon."

the available data show negative deviations of 2.5% or more.
Overall, the situation for the isobaric heat capacity for dim-
ethyl ether is not good, and additional measurements are
needed. As summarized in Table 7, only Wu and Magee8
reported isochoric heat capacities of dimethyl ether. The ab-
solute average deviation of the equation from the data is
0.45%, and the equation of state represents the data within
1.0%, as shown in Fig. 18.

4.4. The extrapolation behavior of the equation of
state

The equation of state should have reasonable extrapolation
behavior, and a plot of constant property lines on various

023104-13

10 - -
[ * * * *
* ¥ 3 I *
r ok
L * ¥ *
5 oo
o
5 = *
o~ [
= L
2 *
F L
;f; o X XX XXX Xy °
' x X XTEX x
a | x
5 8
S r 8 a
NI - S o
g 3
=
5
[ +
[ o
[ +
Y T T S T T T B
100 160 200 250 300 360

Temperature (K)

x Kennedy et al. (1941)

+ Jatkar (1939)
© Miyazaki et al. (1991)

o Kistiakowsky and Rice (1940)
* Tanaka and Higashi (2009)

FiG. 17. Comparisons of isobaric heat capacities ¢, calculated with the equa-
tion of state to experimental data as a function of temperature.

thermodynamic coordinates is useful in assessing the behav-
ior. The equation developed in this work was used to plot
isochoric heat capacity (Fig. 19), isobaric heat capacity (Fig.
20), and sound speed (Fig. 21) versus temperature, tempera-
ture versus density (Fig. 22), pressure versus density (Fig.
23), and characteristic (ideal) curves of the equation of state
(Fig. 24).

Figure 19 shows a diagram for isochoric heat capacity c,
versus temperature. Figure 20 is a diagram for isobaric heat
capacity c, versus temperature. Both figures indicate that the
equation-of-state behavior is appropriate within the valid
range, and that the extrapolation behavior is reasonable at
higher temperatures and pressures. In addition, Figs. 19 and
20 show that there is a reasonable upward trend in the liquid
region at low temperatures below the triple-point tempera-
ture (the dashed line),” as expected.
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FiG. 16. Comparisons of two-phase isochoric heat capacities c,, calculated
with the equation of state to experimental data as a function of temperature.
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Fic. 18. Comparisons of isochoric heat capacities ¢, calculated with the
equation of state to experimental data as a function of temperature.
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FiG. 19. Isochoric heat capacity ¢, versus temperature. Isobars are shown at
pressures of 0, 0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 20, 50, 100, 200, 500, 1000,
2000, and 5000 MPa. The dashed line and the dotted line are shown at the
triple-point temperature 7;,=131.66 K and the critical-point temperature
T.=400.378 K, respectively.

Figure 21 shows sound speed w versus temperature. The
dashed line and the dotted line show the triple-point tempera-
ture Ti,=131.66 K and the critical-point temperature 7,
=400.378 K, respectively. As shown in the figure, the
saturated-liquid line remains straight down to about 50 K, a
reduced temperature of 0.125, which is well below the triple-
point temperature (the dashed line). The figure also shows
that the extrapolation behavior to high temperatures and
pressures is reasonable.

Figure 22 shows the density behavior along isobars of the
equation of state for dimethyl ether. The rectilinear diameter
is shown in the diagram, and is straight, as it should be, up to
the critical point.

Figure 23 shows the isothermal behavior of the equation
of state at extreme conditions of temperature and pressure.

Isobaric Heat Capacity (J mol”’ K‘l)

0 500 1000 1500 2000
Temperature (K)

FiG. 20. Isobaric heat capacity c, versus temperature. Isobars are shown at
pressures of 0, 0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 20, 50, 100, 200, 500, 1000,
2000, and 5000 MPa. The dashed line and the dotted line are shown at the
triple-point temperature 7y,=131.66 K and the critical-point temperature
T.=400.378 K, respectively.
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FiG. 21. Sound speed w versus temperature. Isobars are shown at pressures
of 0, 0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 20, 50, 100, 200, 500, 1000, 2000, and
5000 MPa. The dashed line and the dotted line are shown at the triple-point
temperature  7,,=131.66 K and the critical-point temperature 7T,
=400.378 K, respectively.

The figure indicates that the extrapolation behavior to ex-
tremely high pressures, densities, and temperatures is reason-
able. As explained by Lemmon and Jacobsen,” the smooth
behavior comes from the term with #;=1 and d;=4.

Figure 24 shows the characteristic (ideal) curves of the
equation of state as a function of reduced temperature 7/7T,
and reduced pressure p/p.. Figure 24 is used to assess the
behavior of the equation of state in regions without available
experimental data.”****" The characteristic curves describe
the behavior of the compressibility factor Z=p/pRT and in-
clude the Boyle curve, the Joule-Thomson inversion curve,
the Joule inversion curve, and the ideal curve. The Boyle
curve is given by

2

(16)
The Joule-Thomson inversion curve is given by
600
500
X, 400
£
5
g 300
()
=
200 |-
100 : 1 : : L :
0 5 10 15 20

Density (mol dm’J)

FIG. 22. Isobaric behavior of the equation of state for dimethyl ether. Isobars
are shown at pressures of 0.1, 0.2, 0.5, 1, 2, p., 10, 20, 50, 100, 200, 500,
and 1000 MPa. The rectilinear diameter is shown in the diagram.
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FiG. 23. Isothermal behavior of the equation of state at extreme conditions
of temperature and pressure. Isotherms are shown at temperatures of T,
150, 200, 250, 300, 350, T, 500, 1000, 5000, 10 000, 50 000, 100 000,
500 000, and 1 000 000 K.
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The Joule inversion curve is given by
az
(—) =0. (18)
ar/,

The ideal curve is given by

z:%Tzl. (19)
p

Overall, these plots indicate that the equation-of-state behav-
ior is appropriate within the valid range, and that the extrapo-
lation behavior is reasonable at higher temperatures and pres-
sures.

Joule Inversion Curve

100 |

Joule-Thomson Inversion Curve

plp,

TIT,

FIG. 24. Characteristic (ideal) curves of the equation of state as a function of
reduced temperature 7/7, and reduced pressure p/p..
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5. Conclusions

A new equation of state for dimethyl ether has been de-
veloped. The deviation in density is generally less than 0.1%
and does not exceed 0.25% in the liquid region. In the su-
percritical region, the deviation in density is generally less
than 0.25%, except for a few data points. The deviation in
vapor pressure of the equation of state is generally less than
0.5%. The deviation in saturation heat capacity and isochoric
heat capacity is generally less than 1.0%.

The uncertainties (k=2, indicating a level of confidence of
95%) of the equation of state in density are 0.1% in the
liquid phase and 0.3% in the vapor phase. In the extended
critical region, the uncertainty in density is 0.5%, except for
very near the critical point. In the vapor-liquid region, the
uncertainty in vapor pressure is 0.2% above 230 K, but in-
creases as temperature decreases; the uncertainty in saturated
liquid density is 0.05%, except for very near the critical
point. The uncertainty in heat capacity is 2.0%.

The equation of state of this work is valid from the triple-
point temperature to 550 K, with pressures up to 50 MPa,
and densities up to 19 mol dm™3. As detailed in this article,
the extrapolation behavior of the equation of state is reason-
able, and the equation can be extrapolated up to the disso-
ciation limit of the fluid, with pressures up to 100 MPa. An-
cillary equations for the vapor pressure and saturated liquid
and vapor densities have also been developed that can be
used for fast calculation or as the initial value for iteration
with the equation of state.

There is a need for further measurement of caloric prop-
erties of dimethyl ether, including sound speed and heat ca-
pacity. Transport properties (such as viscosity and thermal
conductivity) should be further measured to develop formu-
lations for use in engineering system design and analysis.
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