Journal of the Japan Petroleum Institute, 66, (3), 69-80 (2023) 69

[Regular Paper]

Measurements and Correlation of Saturated Vapor Pressure of a
New Sulfur-free Odorant for Liquefied Petroleum Gas, 2-Hexyne, and
Bubble Point Pressure for Three Binaries, Ehtane-2-Hexyne,
Propane-2-Hexyne, and Butane—2-Hexyne

Tomoya Tsun* 7172 Peck Loo Kiew "1, Hiroaki MaTsukawa '3, Taka-aki HosHINA 79, and Katsuto OTAKE 79

b Dept. of Chemical and Environmental Engineering, Malaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia,
Jalan Sultan Yahya Petra, Kuala Lumpur 54100, MALAY SIA
72 Div. of Mechanical Engineering, Osaka Metropolitan University, 1-1 Gakuen-cho, Naka-ku, Sakai, Osaka 599-8531, JAPAN
3 Dept. of Industrial Chemistry, Faculty of Engineering, Tokyo University of Science, 6-3-1 Niijuku, Katsushika-ku, Tokyo 125-8585, JAPAN
T4 Dept. of Applied Molecular Chemistry, College of Industrial Technology, Nihon University,
1-2-1 Izumicho, Narashino, Chiba 275-8575, JAPAN

(Received September 7, 2022)

2-Hexyne is a potential sulfur-free odorant for liquefied petroleum gas (LPG). In this study, saturated vapor
pressure of 2-hexyne at 273.14-313.14 K, and bubble point pressure for three binaries, ethane—2-hexyne, propane—
2-hexyne and butane—2-hexyne were measured using a static apparatus at 273.15, 303.15 and 313.15 K. The
attractive parameter in the Peng-Robinson (PR) equation of state was re-determined for 2-hexyne using the satu-
rated vapor pressure data. The attractive parameters and the excluded volumes in the PR equation were also
re-determined for ethane, propane and butane using the saturated vapor pressure and liquid density data. The
binary parameters were evaluated by fitting the bubble point pressure data for the three binaries. Quaternary
vapor-liquid equilibrium was estimated for 45.00 kg of LPG, with the mass ratio of ethane : propane : butane =
0.6000 : 97.07 : 1.700 containing 50.00 ppm of 2-hexyne, in a household LPG cylinder with inner volume of
117.50 L. The mole fraction of 2-hexyne was evaluated as 3.939 X 10 in the vapor phase at 273.15 K, and
increased by 2.49 times and 3.40 times at 303.15 K and 313.15 K, respectively.
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1. Introduction Sulfur compounds, such as dimethyl sulfide (DMS)
and t-butyl mercaptane (TBM), are also added within

Liquefied petroleum gas (LPG) is a mixture mainly 50 ppm by mass to LPG as odorants to give warning of
consisting of propane and lesser amounts of other light  any gas leakage. DMS and TBM are converted to
hydrocarbons, such as ethane and butane, and is widely toxic sulfur monoxide or dioxide (SOx) after combus-
used as a transportation and heating fuel. The mixing  tion, so alternative sulfur-free odorants for LPG have
ratio is used to control the bubble point pressure consid- ~ been proposed?™®. The normal boiling points of
ering the seasonal outside temperature in Japan. Ac- DMS and TBM are 310.48 K and 337.37 K7, respec-
cording to the Japan LP Gas Association", the annual tively, which are close to those of pentane and hexane,
consumption of LPG was 12,857,000 tons in FY 2022, 309.22 K and 341.88 K”. However, these sulfur com-
46 % was household gas delivered in gas cylinders,  pounds, DMS and TBM, are strongly adsorbed on the
23 % was fuel for industrial boilers, 8.5 % was addi-  metal catalysts required for fuel cells. Consequently,
tives for city gas to increase the heat of combustion, and  1-pentyne and 2-hexyne have been proposed as new
4.6 % was fuel for taxis. Therefore, about 80 % of the  sulfur-free odorants®#. These compounds have strong
total consumption of LPG is used as various fuels. smells similar to the rotten onion odor of DMS and
TBM. Recently, residential fuel cell systems, named

DOL: doi.org/10.1627/jpi.66.69 ‘Ene - farm,” have been promoted by the Fuel Cell Com-
* To whom correspondence should be addressed. mercialization Conference of Japan. The ‘Ene:farm’
* E-mail: t.tsuji@utm.my project has developed small scale fuel cells suitable for

J. Jpn. Petrol. Inst., Vol. 66, No.3, 2023



70

Table 1 Chemicals Used in This Study
CAS No. Supplier Grade Mole;l;la?\]zvelght Purity ¥
Ethane 74-84-0 Takachiho Chemical Industrial Co., Ltd., Japan Research 30.070 99.9 vol%
Propane 98-74-98 Takachiho Chemical Industrial Co., Ltd., Japan Research 44.097 99.9 vol%
Butane 106-97-8 Takachiho Chemical Industrial Co., Ltd., Japan Research 58.123 99.8 vol%
2-Hexyne 764-35-2 Sigma-Aidrich U.S. 82.145 99 mass%
Heptane 142-82-5 Wako Pure Chemical Industries, Ltd., Japan Special 100.204 99.0 mass%

a) Stated by supplier.

installation in private residences which directly supply
both heat and supplemental electric power, and the hy-
drogen fuel is obtained by the catalytic reforming reac-
tion of city gas or LPG®?. Therefore, these sul-
fur-free odorants are important to avoid the catalytic
deactivation caused by adsorption of DMS and TBM on
the metal catalysts.

Formulation of LPG containing an adequate amount
of sulfur-free odorant requires knowledge of the bubble
point pressure or the vapor-liquid equilibrium (VLE)
for light hydrocarbon mixtures with sulfur-free odor-
ants. In addition, the volume ratio of liquid must be
less than 85 % in the LPG container such as a cylinder.
The pressure-molar volume-temperature (PVT) rela-
tionship and saturated vapor pressure have been report-
ed for 1-pentyne together with the bubble point pressure
for propene—1-pentyne®. However, little data are
available for 2-hexyne. A review of the thermodynam-
ic properties for mixtures containing alkynes!? included
the bubble point pressure data for propane—2-hexyne
only at 303.15 K, partly derived from our presenta-
tions'V. The data were previously published together
with the boiling point of 2-hexyne at atmospheric pres-
sure”. The saturated vapor pressure for 2-hexyne at
273.15-363.15 K'?, and the VLE for 2-hexyne—octane
at 263.15-343.15 K'» were also reported. Excess
molar enthalpy for 2-hexyne—tetracosane was reported
at 349.15 K. These are the known data for the bina-
ries of gasoline, kerosene and additives with 2-hexyne.

In this study, the saturated vapor pressure for
2-hexyne were measured at 273.14-313.14 K, and the
saturated vapor pressure for heptane at 273.15-313.15 K
was also measured to verify the experimental data.
The bubble point pressure was measured for the three
binaries, ethane-2-hexyne, propane—2-hexane and bu-
tane—2-hexyne, at 273.15, 303.15 and 313.15 K. The
experimental temperature, 313.15 K, corresponds to the
highest temperature for the usage of household LPG.
Two experimental temperatures, 273.15 K and 303.15 K,
correspond to the references for winter and summer, re-
spectively. The experimental data were correlated
with the Peng-Robinson (PR)'> equation of state which
was modified to estimate the partition coefficients of
2-hexyne between the vapor and liquid phases. Then,
the two constants in the PR equation were re-deter-
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mined for ethane, propane and butane, by using the
standard data of saturated liquid densities provided by
the U.S. National Institute of Standards and Technology
(NIST)'®, because the volume of the liquid should be
accurately predicted in the gas cylinder. Only the at-
tractive parameter in PR equation was also re-deter-
mined for 2-hexyne using the experimental data for the
saturated vapor pressure.

2. Experimental Section

2.1. Materials

Table 1 lists the chemicals used in this study. All
chemicals were used as supplied without further purifi-
cations. However, 2-hexyne and heptane were used
after degassing. Ethane, propane and butane were
loaded in the sample cell by distillation from the cylin-
der to the sample cell as required. The degassing and
distillation procedure will be described later.
2.2. Measurement of Saturated Vapor and Bubble

Point Pressure

The saturated vapor pressure was measured for
2-hexyne and heptane at 273.14-313.15 K. Figure 1
shows a schematic diagram of the apparatus, as used in
the previous study®, and based on a static meth-
od»OID~19) - This apparatus was also used for the
bubble point pressure measurements. The constant
temperature bath (part 3 in Fig. 1) had an inner volume
of 32 L (TRL-101FEZ, Thomas Co., Ltd., Tokyo), and
filled with an aqueous solution of ethylene glycol (35
mass%). The built-in heater and refrigerator controlled
the set temperature within 0.01 K. The sample cell
(part 4) was made of Pyrex glass with an inner volume
of about 36 cm3. The dimensions of the cell are also
shown in Fig. 1. The previous study found the maxi-
mum safe pressure was up to 4.5 MPa at 298 K>6-17~19),
which is slightly lower than the critical pressure of eth-
ane, 4.87976 MPa??. Consequently, another cell was
employed for pressures higher than 4.5 MPa, which was
made from a double-ended sample cylinder (304-HDF-
2-40, Swagelok, Solon, U.S.) made of stainless steel
304. Stainless steel tube with a diameter of 1/4” was
used to connect the valve and the cylinder, and the over-
all length of the cell was the same as that of the glass
cell, 315 mm. The inner volume of the cell was about
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1: vacuum pump; 2: air chamber; 3: constant temperature bath; 4: sample cell; 5: water-proof magnetic stirrer; 6:
pressure sensor (maximum capacity of 10 MPa and 1 MPa); 7: heater for air chamber; 8: thermistor thermometer;
9: absolute pressure sensor (maximum capacity of 200 kPa absolute); 10: agitator.

Fig. 1
Pressure Measurements

40 cm?, and the maximum safe pressure was 12.4 MPa
up to 310 K. Two pressure sensors (part 6) were
equipped (PG-100KU and PG-10KU, Kyowa Electrron-
ic Instruments Co., Ltd., Tokyo) with maximum in the
gauge pressure of 10 MPa and 1 MPa, respectively.
An absolute pressure sensor (part 9) was also equipped
(PHS-2KA, Kyowa Electronic Instruments Co., Ltd.)
with a maximum pressure of 200 kPa. The sensors
were connected to signal conditioners (WGA-800B-
23AC, Kyowa Electronic Instruments Co., Ltd.). The
resolutions were 0.01 MPa for PG-10KU and PHS-
200KA, and 0.1 MPa for PG-100KU. The valves (SS-
ORS2, Swagelok) were equipped with sensors to switch
the pressure range: sensor PHS-200KA was used in the
pressure range lower than 200 kPa, sensor PG-10KU in
the range from 200 kPa to 1 MPa, and sensor PG-
100KU in the range higher than 1 MPa. The tempera-
ture in the air chamber (part 2) was maintained at 313 K
by a heater (part 7) to avoid the condensation of the
vapor phase. The temperatures in the air chamber and
the bath were accurately measured by two thermistor
thermometers (part 8, D461, Techno Seven Co., Ltd.,
Yokohama, Japan). The mole fraction was determined
by weighting method similar to that of the previous
studies?®1D~19 A direct reading balance (AV1581,
Exact Inc., Kamagaya, Japan) was used to evaluate the
overall mole fraction of the binaries in the cell. The
capacity and the sensitivity were 1 kg and 0.1 mg, re-
spectively. The uncertainties for the pressure mea-
surements were u(p)=0.4, 2.5 and 15 kPa for sensors
PHS-200KA, PG-10KU and PG-100KU, respectively.
The uncertainty of the temperature was u(7)=0.05 K.
The uncertainties for the mass and the mole fraction
were u(w) = 2.0 mg and u(x;) = 0.0004, respectively.
The procedure for the sample preparation was previ-
ously described”®. 2-Hexyne or heptane was heated
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Schematic Diagram of Static Apparatus and Dimension of Cells for Saturated Vapor and Bubble Point

in the closed cell until the pressure reached 200 kPa.
After ensuring the pressure or the corresponding tem-
perature, one quarter of the sample was released into
the air by opening the valve with the cell, then the valve
was closed again. Thus, the degassed sample was pre-
pared in the cell. For sample preparation for the bub-
ble point pressure measurements, ethane, propane or
butane was directly loaded into the cell from the cylin-
der. Then, the cell was cooled using methanol with
added dry ice, so the sample gas was distilled and puri-
fied during loading. The mass of the cell was mea-
sured with the direct reading balance after loading.
Subsequently, 2-hexyne was loaded into the cell
through an HPLC pump (LC-6A, Shimadzu Corp.,
Kyoto, Japan). Prior to the loading, dissolved gas was
removed from the 2-hexyne by the same procedure used
for the saturated vapor pressure measurements. The
mass was measured again to determine the overall mole
fraction. The cell was then placed in the constant tem-
perature bath. The mole fraction in the liquid phase
was assumed to be the overall mole fraction because the
density of the vapor was far lower than that of the liquid
phase.
2.3. Equation of State, @-Function, S-Function
and Mixing Rules

Experimental data were correlated with the PR equa-

tion of state with some modifications (mod. PR):

_ _RT a.o
v=>b.f v’ +2b.pv—(bpB)’
where the two parameters, ac and b, are given by ap-

plying the critical condition for pure compound,
(ap/a")‘Tc = (azp/avz)‘T =0 1920 The temperature

p (1)

dependences, a- and S-functions, in the original PR
equation' are given by:
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Table 2 Critical Properties Used for Estimating Parameters in the PR Equation

Critical temperature

Critical pressure

Acentric factor ~ Parameter by Stryjek and Vera

T. [K] pel-] o[-] Kk [-]
Ethane ¥ 305.43 4.87976 0.09781 0.02669
Propane ¥ 369.82 4.24953 0.15416 0.03136
Butane ¥ 425.16 3.79661 0.20096 0.03443
2-Hexyne 552.99 3.7454 0.22962 -
Heptane 540.10 2.73575 0.350022

a) Stryjek and Vara®.  b) Tsuji et al.”

@ p/kPa

Loading
F/mol
z/- T/K D /mol
v, /L
yi!-
v, /L
x;/-

Fig. 2 Flush Calculation for a Household LPG Cylinder

o =aw(T/T,.0) )
B=1 3)

whereas those of Stryjek and Vera?” are given by:

o=agy(T/T,0.K) 4)
B=1 (3)

where k71 is an additional parameter. Considering the
actual use conditions of household LPG cylinders, the
liquid volume should be precisely evaluated in the cyl-
inder. The PR equation is well known to not provide
the liquid density with high accuracy. So, the follow-
ing modifications were proposed for ethane, propane
and butane:

o=0gy| 0+ 1—1 +o 1—12
- NY% 0 1 Tc 2 Tc

(T.>T) (5)
o =00y (T2T,) (6)

ﬁ:ﬁ0+ﬂl(1—£)+ﬁz(l—£J (7.>T) (D

B=pB, (T=T) 8)

where oo, a1, 0, Bo, Bi and B, were determined by the
experimental data or the standard data of saturated
vapor pressure and liquid density'®. Although the
methods are similar to those reported®”, Egs. (5) to (8)
were newly proposed in this study. On the other hand,
for 2-hexyne and heptane, only o, o1 and o were de-
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termined by using the experimental data of saturated
vapor pressure:

o= 0Opgrl| 0+ 1—1 +o l—l2
- PR 0 1 Tc 2 Tc

(T, >T) (5"
(6

=1 3)

The detailed determinations for oo, o1, o, Bo, Bi1 and
B> are described later. Table 2 lists the critical prop-
erties used for evaluating the parameters in the PR
equation'29,  Various values for the critical tempera-
ture and pressure have been reported for 2-hexyne>-719,
In this study, 7. =552.99 K, p.=3.7455 MPa and o=
0.22962 were employed for 2-hexyne. In the previous
study®, the bubble point pressure data were correlated
by mixing rules with simple function forms. So, the
following mixing rules were employed:

et = sz,-xj(l - ki/)[(ac,iai)(ac,jaj)]l/z ©)

o =opr0y (T'2T,)

b = 2.x:(beiB) (10)

where k;j is a binary interaction parameter, and its value
was evaluated by fitting the experimental data to the
minimum by the following objective function:

O.F.= Y[ Xiep(y ~ Xiae(y ] (=1,2,3) (1)

where Xiexp) and Xicale(y are the j-th experimental and
calculated values of x;, respectively. i=1, 2 and 3 in-
dicate ethane, propane and butane, respectively. Also,
i =4 indicates 2-hexyne.
2.4. Calculation of Partition Coefficient

The liquid volume in the cylinder and the partition
coefficient of 2-hexyne were evaluated by calculating
the quaternary VLE in an LPG cylinder. Figure 2
shows an image of the calculation procedure. A qua-
ternary mixture, consisting of ethane, propane and bu-
tane with a small amount of 2-hexyne, was loaded into
the cylinder with the inner volume of V. Then, the
total number of moles was set to be F, and the mole
fraction of each component was zi. The loaded LPG
would be separated into two phases, liquid and vapor,
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Saturated Vapor Pressure 2-Hexyne and Heptane

Measured Standard ¥ mod. PR equation
Temperature®  Saturated vapor pressure Saturated vapor pressure ARD Saturated vapor pressure ARD
T[K] p* [kPa] pist [kPal 16p*istl [%] P'ea [kPal 16p°1 %]
2-Hexyne
273.14 2.75 2.74 0.311
274.18 2.99 2.90 2.866
276.19 3.31 3.25 1.936
278.05 3.65 3.59 1.593
283.16 4.78 4.71 1.529
288.15 6.15 6.06 1.391
293.25 7.64 7.78 1.798
298.15 9.73 9.79 0.585
303.14 12.40 12.26 1.131
308.27 15.56 15.32 1.540
313.14 19.00 18.78 1.138
(average) 1.438
Heptane
273.15 1.57 1.53 2.866 1.56 0.692
293.15 4.85 4.73 2.482 4.75 2.135
298.10 6.20 6.08 1.860 6.09 1.835
303.25 7.69 7.83 1.756 7.80 1.479
308.21 9.64 9.87 2.435 9.82 1.904
313.15 12.1 12.34 1.983 12.25 1.240
(average) 2.230 (average) 1.548
a) Reported by NIST'®.  b) u(7)=0.05 K. ¢) Measured by PHS-200KA, u(p) = 0.40 kPa.

with the mole fractions of x; and y; (i=1, 2, 3 and 4),
respectively. Then, the number of moles was set to be
D in the vapor phase. The mass balance was given by:

z;F = x,(F-D)+y;D (12)
The partition coefficient was given by:
K =2 (13)

i
The partition coefficient is sometimes called the

K-value in VLE. From Egs. (12) and (13), the mole
fractions in the liquid and vapor phases were given by:

Zi
YT (K, 1)(DIF) (14)

yi = Kix; (15)

At given temperature and pressure, the mole frac-
tions, x; and yi, can be calculated by finding (D/F) to
satisfy the following constraint conditions:

in =1.0000 (16)

> v =1.0000

In this study, using the molar volume for the liquid
and vapor phases, vL and vv, the final value of the pres-
sure was determined to satisfy the following other con-
straint conditions:

7)

D
F(l_FjVLJrDVV:VL-i_VV:V (18)
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As shown in Eqgs. (12)-(18), the calculation proce-
dure was based on a flush VLE calculation where the
sum of the liquid and the vapor volumes equaled the
inner volume of the cylinder.

3. Experimental Results
3.1. Saturated Vapor Pressure for Ethane, Butane,
2-Hexyne and Heptane

Firstly, the saturated vapor pressure was measured
for heptane to verify the experimental data, as shown in
Table 3 and Fig. 3. The standard saturated vapor
pressure data, provided by NIST'®, are also listed in

Table 3. The relative deviation (RD) and the absolute
relative deviation (ARD) were calculated by:

— D Nist — P % 100

Op*Nist s (19)
p
‘SPSNTST‘ _ m %100 (20)
>

The ARDs are shown in Table 3, and the RDs in
Fig. 4. The average ARD was 2.230 % for the whole
range of the experimental temperature. Average ARD
lower than 0.3 % is generally required for the saturated
vapor pressure measurements. The average ARD did
not attain this value. However, the experimental data
was thought to be acceptable because measurements
were obtained using the absolute pressure sensor with
uncertainty, u(p) = 0.4 kPa.
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Pressure p* / kPa

280 300 320

Temperature 7/ K

(O): this study, 2-hexyne; (@): Negadi et al.'”, 2-hexyne; ([]): this
study, heptane; (------ ): PR equation'?; (—): mod. PR equation.

Fig. 3 Saturated Vapor Pressure of 2-Hexyne and Heptane

Table 3 lists the experimental data of the saturated
vapor pressure of 2-hexyne, and Fig. 3 compares the
experimental and previous data'?.  In the previous
study”, the boiling point was reported to be 357.59 K at
atmospheric pressure, 101.11 kPa. Saturated vapor
pressure was also measured up to 363.15 K'2. The
comparison is shown only in the temperature range
lower than 320 K. The experimental data agreed well
with previous data'?. Although the average ARD for
heptane was not always acceptable, the reliability was
confirmed by the experimental data for 2-hexyne.

3.2. Bubble Point Pressures for Three Binaries,
Ethane (1)-2-Hexyne (4), Propane (2)-2-
Hexyne (4) and Butane (3)-2-Hexyne (4)

Table 4 lists the experimental data of the bubble
point pressure for ethane (1)-2-hexyne (4), propane

(2)-2-hexyne (4) and butane (3)-2-hexyne (4) at

273.15, 303.15 and 313.15 K.  The data, at x; = 1.0000

(i=1 and 3), are also listed in the Table 4. The pres-

sure, at x; = 1.0000 and 303.15 K, was higher than

4.5 MPa. Therefore, the stainless steel cell was em-

ployed for the measurements. Similarly, the sample,

at x1 =0.8388 for ethane (2)-2-hexyne (4), tended to
exceed 4.5 MPa at 313.15 K. Then, the measurements
were carried out only at 273.15 K and 303.15 K. The

sample, at x2=0.2982 for propane (2)-2-hexyne (4),

was found to leak from the cell after measurement at

273.15 K. Then, a sample at x> =0.3343 was newly

prepared and the bubble point pressure measured at

303.15 K and 313.15 K. Similar re-preparations were

also carried out for the samples at x3 =0.3967, 0.5227,

0.7276 and 0.7820 for butane (3)-2-hexyne (4).

Figure 5 compares the bubble point pressure for the
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(H): heptane for NIST standard data'®; ([]): ethane for mod. PR
equation; (V) : NIST standard data of propane'® for mod. PR equa-
tion; (¥): butane for mod. PR equation; (@): 2-hexyne for mod. PR
equation; (O): heptane for mod. PR equation.

Fig. 4 RDs of Saturated Vapor Pressure and Saturated Liquid Den-
sity

three binaries. The pressure ranges of the vertical axis
were different for the three binaries, so the dashed lines,
colored with red, are drawn to indicate the correspond-
ing pressure. The data, shown in Fig. 5, include the
saturated vapor pressure for 2-hexyne at 273.14, 303.14
and 313.14 K. Figure 5 also shows the previous data
for propane (2)-2-hexyne (4) at 303.15 K. The ex-
perimental data obtained in this study agreed well with
the previous data at 303.15 K.  Although the saturated
vapor pressure was not measured for propane, the reli-
ability of the data could be verified using the previous
data. Similar tendencies were observed in the mole
fraction dependence of the bubble point pressures.
The bubble point pressure which approximately fol-
lowed Henry’s Law was observed for the three binaries
at 313.15 K.  For the mole fraction close to x; = 0.0000
(i=1, 2 and 3) at 273.15 K and 303.15 K, the depen-
dences seemed to be slightly different between the three
binaries. The results suggested that the interactions in
ethane (2)-2-hexyne (4) are not different from those in
propane (2)-2-hexyne (4) and butane (3)-2-hexyne (4)
in the high temperature range.
3.3. Determination of the a-Function and -Func-
tion

The parameters, oo, o1, 02, Bo, B1 and B> were deter-
mined for ethane and butane from the experimental
pressure at x;=0.0000 (i =1 and 3) and the saturated
liquid densities cited from standard data of NIST!®, and
for propane from the saturated vapor pressure and the
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Table 4 Bubble Point Pressure for Ethane (1)-2-Hexyne (4), Propane (2)-2-Hexyne (4) and Butane (3)-2-Hexyne (4)

Measured mod. PR equation

Temperature®  Mole fraction Pressure Mole fraction ARD Pressure ARD

T[K] xi [-] p [kPa] Xical [-] 6 Pea [kPa] I6p!

Ethane (1)-2-Hexyne (4) (i=1)

273.15 0.2216 620.00¢ 0.2347 5917 586.07 5.472
0.3178 849.68 0.3247 2.167 832.32 2.043
0.4396 1131.99 0.4394 0.041 1132.33 0.038
0.5122 1289.09 0.5062 1.162 1302.69 1.062
0.6683 1620.39 0.6575 1.609 1642.51 1.371
0.7231 1729.99 0.7114 1.623 1753.33 1.354
0.7257 1738.49 0.7156 1.390 1758.55 1.159
0.8388 1954.29 0.8253 1.605 1980.95 1.369
1.0000 2395.99 2391.15 0.198
(average) 1.939 (average) 1.734
303.15 0.2216 101549 0.2356 6.316 954.43 6.005
0.3178 141099 0.3257 2.478 1376.13 2.464
0.4396 1915.99 0.4395 0.019 1916.28 0.020
0.5122 2212.49 0.5062 1.172 2239.07 1.205
0.6683 2856.09 0.6521 2.418 2926.46 2.467
0.7231 3083.8% 0.7045 2.567 3164.11 2.604
0.7257 3101.99 0.7087 2.340 3175.35 2.368
0.8388 3560.79 0.8148 2.867 3666.57 2.973
1.0000 4655.09 4657.93 0.063
(average) 2.522 (average) 2.241

313.15 0.2216 1168.39 0.2363 6.636 1094.33 6.331
0.3178 1628.59 0.3265 2.741 1583.59 2.758
0.4396 2219.09 0.4396 0.011 2219.25 0.011
0.5122 2569.3% 0.5055 1.298 2604.77 1.380
0.6683 334849 0.6509 2.609 3442.16 2.800
0.7231 3625.49 0.7024 2.868 3737.00 3.078
0.7257 3649.19 0.7068 2.609 3751.00 2.793
(average) 2.681 (average) 2.736

Propane (2)-2-Hexyne (4) (i =2)

273.15 0.0902 57.569 0.0914 1.285 56.89 1.171
0.2982 168.46° 0.2969 0.424 169.09 0.374
0.4525 241.38¢9 0.4522 0.063 241.51 0.052
0.7074 344.82° 0.7033 0.585 346.45 0.472
0.7349 354.819 0.7286 0.852 357.28 0.695
0.8891 419.299 0.8868 0.254 420.27 0.235
0.9097 427.679 0.9059 0.421 429.38 0.400
(average) 0.509 (average) 0.444
303.15 0.0902 121.87¢ 0.0920 2.036 119.72 1.766
0.3343 392.319 0.3341 0.057 39251 0.051
0.4525 514.629 0.4523 0.040 514.80 0.035
0.7074 756.949 0.7017 0.803 762.37 0.717
0.7349 781.54° 0.7274 1.014 788.69 0.915
0.8891 939.20¢ 0.8851 0.446 943.46 0.454
0.9097 961.26° 0.9054 0.474 966.05 0.498
(average) 0.696 (average) 0.634
313.15 0.0902 151.67° 0.0915 1.433 149.82 1.223
0.3343 485.95¢ 0.3333 0.295 487.26 0.269
0.4525 638.92° 0.4509 0.361 641.01 0.327
0.7074 948.39¢ 0.7004 0.992 957.02 0.910
0.7349 981.69¢ 0.7274 1.020 990.97 0.945
0.9097 121099 0.9025 0.797 1221.41 0.868
(average) 0.816 (average) 0.757

(continued on next page)
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(continued from previous page)

Measured mod. PR equation
Temperature®  Mole fraction Pressure Mole fraction ARD Pressure ARD
T[K] x [ p [kPa] Xica [] 16 Peat [KPa] I6pl
Butane (3)-2-Hexyne (4) (i=3)
273.15 0.2884 38.02° 0.2872 0.426 38.15 0.338
0.4198 51.039 0.4183 0.366 51.17 0.282
0.5174 59.929 0.5160 0.278 60.05 0.212
0.6999 75.65° 0.6994 0.066 75.69 0.052
0.8628 90.17° 0.8673 0.525 89.77 0.441
1.0000 103.36° 102.89 0.455
(average) 0.332 (average) 0.297
303.15 0.2884 102.56° 0.2898 0.470 102.18 0.369
0.3967 131.12° 0.3956 0.280 131.41 0.221
0.5727 174.94° 0.5699 0.482 175.61 0.385
0.7276 212419 0.7248 0.384 213.09 0.319
0.7820 225.18° 0.7771 0.627 226.39 0.536
0.8653 246.57° 0.8624 0.337 247.32 0.303
1.0000 282.069 283.90 0.652
(average) 0.430 (average) 0.398
313.15 0.2884 136.21° 0.2890 0.202 136.00 0.157
0.3967 173.77° 0.3943 0.597 174.59 0.472
0.5727 233.24° 0.5723 0.074 233.38 0.059
0.7276 283.799 0.7284 0.107 283.54 0.090
0.7820 298.59° 0.7735 1.082 301.39 0.937
0.8653 326.75° 0.8573 0.929 329.51 0.846
1.0000 375.609 378.81 0.855
(average) 0.499 (average) 0.488
a) u(T)=0.05 K. b) u(x;)=0.0004 (i=1, 2 and 3). c¢) PG-10KU, u(p)=2.50 kPa. d) Measured by PG-100KU, u(p) =15.0

kPa. e) PHS-200KA, u(p) = 0.40 kPa.

6000

8

Pressure p / kPa
g

—~
o
N

L

1 I

0 05 10
Mole fraction of ethane x,, y, /-

Mole fraction of propane x,, y, /-

05 10 05 1
Mole fraction of butane x5, y; /-

(O): this study, 273.15 K; (L)) this study, 303.15 K; (H): Tsuji et al.”, 303.15 K; (2): this study, 313.15 K; (—): bubble

lines correlated by mod. PR equation; (—, —,

): dew lines predicted by mod. PR equation.

Fig. 5 VLE for (a) Ethane (1)-2-Hexyne (4), (b) Propane (2)-2-Hexyne (4) and (c) Butane (3)-2-Hexyne (4) at 273.15,

303.15and 313.15 K

saturated liquid density cited from the standard data of
NIST'®. Only o, o1 and o2 were determined for
2-hexyne and heptane from the experimental data of the
saturated vapor pressure data. Figure 6 shows o/opr,
a/osy and B. Although the ranges of (1 —T/T.) were
not the same for ethane, propane and butane, the tem-
perature dependencies of o/asv and B showed common
tendencies given by the convex shape functions with

J. Jpn. Petrol. Inst.,

temperature. Ethane, propane and butane are linear
aliphatic compounds, with 2, 3 and 4 carbon atoms, re-
spectively. Therefore, the corresponding state theory
seems to be applicable for both the a-function and the
B-function.  On the other hand, the experimental rang-
es of (1 =T/T.) were not different for 2-hexyne and
heptane. However, the o/apr for 2-hexyne was differ-
ent from that for heptane. The (1 —7/7¢) dependences
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(O): a/asy, ethane; ([)): a/osy, propane; (2): o/aisy, butane ; (¥):
o/opr, 2-hexyne ; (V): /g, heptane; (@): B, ethane; (H): B, pro-
pane; (A); B, butane; (—): Eq. (5); (----—): Eq. (7); (-——--): Eq. (5")
for 2-hexyne; (—): Eq. (5°) for heptane.

Fig. 6 Temperature Dependence of o/apg, 0/0tsy and B, in mod. PR
Equation

were not clear for 2-hexyne and heptane. Therefore,
the first order linear (1 —7/T.) dependences, with the
intercept with ao=1, were separately assumed for
2-hexyne and heptane. Table 5 lists the values of o,
o, 0, Bo, Bi1 and B, and Fig. 6 shows the correlations
using these values. The corrections of the constants
sometimes provide an abnormal critical point in cubic
equations of states, so the critical point was for ethane
to be 308.36 K and 5.17371 MPa from the mod. PR
equation. These values are slightly larger than the re-
ported values of 305.43 K and 4.87976 MPa??. How-
ever, the differences were not thought to be serious for
the bubble point pressure of the binary at 313.15 K.
The RDs and the ARDs for the saturated vapor pressure
and the saturated liquid density were evaluated as fol-
lows:

opo=L =P 100 Q1)
p

8p°) = ‘pL:p‘ x 100 (22)
>

8p° = P cal S— P NIST %100 23)
P NisT

‘5ps - MXIOO (24)

P NIST

The ARDs for the saturated vapor pressure are listed
in Tables 3 and 4. Figure 4 shows the RDs for the
saturated vapor pressure and the saturated liquid densi-
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Table 5 Value of Correction Factors, o” and 8°, for Parameters in
the mod. PR Equation

o [-] oy [-] o [-]
Ethane, propane, butane 0.962863 0.449277  —0.623757
2-Hexyne 1 0.042917 0.000000
Heptane 1 0.007117 0.000000

Bo[-] Bil-] B2 -]
Ethane, propane, butane ~ 0.947555 0.624657  —0.923640

Table 6 Binary Parameters in the mod. PR Equation

Binary parameter k;; [-]

Temperature
T K] Ethane (1)- Propane (2)- Butane (1)-
2-Hexyne (4) 2-Hexyne (4) 2-Hexyne (4)
273.15 0.023 0.017 0.016
303.15 0.019 0.014 0.013
313.15 0.016 0.014 0.013
ty.

3.4. Correlations for the Three Binaries and the
Binary Interaction Parameters Fitted with the
Experimental Data

The bubble point pressure data were correlated with
the mod. PR equation as shown in Table 4. The bina-
ry parameters, fitted with the experimental data, are
listed in Table 6. Figure 5 also compares the calcu-
lation results and the experimental data for the three bi-
naries. The dew point pressure can be predicted by
the correlation of the experimental data, so the predict-
ed dew lines are also shown in Fig. 5. The calculated
bubble point pressure agreed well with the experimental
data for the three binaries. The binary critical point of
ethane (1)-2-hexyne (4) was evaluated as x; =0.9940
and p =5.4690 MPa at 313.15 K. Table 6 shows the
binary interaction parameters tended to decrease with
higher temperature. The calculations were also carried
out using the PR equation without any modifica-
tions'>?» and showed reproducibility similar to that ob-
tained by the mod. PR equation. However, the binary
interaction parameters had slightly larger values than
those from the mod. PR equation. For example, the

binary parameters at 273.15 K were k; = 0.025, 0.023

and 0.020 for ethane (1)-2-hexyne (4), propane

(2)-2-hexyne (4) and butane (3)-2-hexyne (4), respec-

tively. On the other hand, the binary parameters were

kij=0.016 and 0.013 for ethane (1)-2-hexane (3) at

303.15 K and 313.15 K, respectively. Only these two

values were smaller than those from the mod. PR equa-

tion. These deviations are due to the modification by
the - and B-functions. The - and S-functions con-
tributed to the correlations with small values of the bi-
nary interaction parameters because of the liquid densi-
ty corrections. Otherwise, the a- and B-functions
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were also thought to provide the higher critical tem-
perature and pressure for ethane than those from the
original PR equation. The RD and the ARD were
evaluated for the pressure and the mole faction as fol-
lows:

sp="La =P 100 25)
p
5p|= P =2l 109 (26)
S, = 2l TN 0 27)
Xi
Pressure p / kPa
s 10° 5 10°
C LR T T — 10
f- S
: o " o v 3
0000 -ﬁuﬂiﬁpﬂ'ti]%“fgg“—_ S
: w0
- e
10 E E -10
< b ]
~ b 3
R O @.u--A@_Q-A----gﬁ-A-P -3
o 8 ]
°F 8 l E
_1oLC 1 1 1 1 1 1 1 1 1 .

0.5
Mole fraction of ethane(1), propane(2), butane(3) x; /-

(O): ethane (1)-2-hexyne (4), 273.15 K; (@): ethane (1)-2-hexyne
(4), 303.15 K; (O): ethane (1)-2-hexyne (4), 313.15 K; ©): propane
(2)-2-hexyne (4), 273.15 K; (l): propane (2)-2-hexyne (4),
303.15 K; ([)): propane (2)-2-hexyne (4), 313.15 K; (V): butane
(3)-2-hexyne (4), 273.15 K; (&): butane (3)-2-hexyne (4), 303.15 K;
(&): butane (3)-2-hexyne (4), 313.15 K.

Fig. 7 RDs of Bubble Point Pressure Data for mod. PR Equation

Xjcal — Xi

6| = x 100 (28)
The ARDs for the pressure and the mole fraction are
listed in Table 4, and the RDs are shown in Fig. 7.
The average ARDs were not larger than 2.681 % in eth-
ane (1)-2-hexyne (4) for the mole fraction, and 2.736 %
for the pressure in ethane (1)-2-hexyne (4), respective-
ly. The large average ARDs were due to the values at
the mole fraction close to zero in ethane (1)-2-hexyne
(4). The ARDs for the mole fraction and the pressure
for propane (2)-2-hexyne (4) were 1.443 % and
1.233 %, respectively. The large ARDs were thought
to originate from the poor estimates and data quality for
the saturated vapor pressure of 2-hexyne.
3.5. Estimation of 2-Hexyne in Household LPG
Cylinder

The partition coefficients of 2-hexyne were estimated
in a household LPG cylinder using the calculated re-
sults for the bubble and dew point pressure. Based on
information from The High Pressure Gas Safety Insti-
tute of Japan??, the evaluations were carried out under
the following conditions:

1) LPG composition

ethane: 0.6000 mass %; propane: 97.70 mass%:; bu-
tane: 1.700 mass% with 2-hexyne 50.00 ppm (mass
basis)

2) Inner volume of cylinder; 117.50 L

3) Loading amount of LPG; 45.00 kg

The mole fraction and the partition coefficient of
2-hexyne were calculated at the initial loading. Then,
the vapor volume and the liquid volume were also eval-
uated in the LPG cylinder. The binary interaction pa-
rameters between the three light hydrocarbons were set
to be zero, k12 = ka3 = k31 = 0.000.

Table 7 lists the calculation results. The liquid vol-
ume was increased with higher temperature. However,
the volume ratio of the liquid was 80.80 % even at
313.15 K, which is acceptable for the safety regula-
tions. The initial mole fraction of 2-hexyne in the
vapor phase increased from 3.939 X 107 to 13.39 X 107°
with increased temperature from 273.15 to 313.15 K,

Table 7 Calculation Results for Quaternary VLE in the LPG Gas Cylinder with Inner Volume of 117.50 L

Liquid phase

Vapor phase

Temperature Pressure .
P Mole fraction

Volume

Mole fraction

T [K] p [kPa] Volume
x [ % [-] X3 [-] ViIL] y [ y2 [ s [-] yal-1 WLl

273.15 481.55 8.619x107 0.9784 1299107  83.92, 3.287%X10%  0.9638 3.290x 1072  3.939x107 33.57g
(K4=0.0145)

303.15 1087.1 8.593x107° 0.9784 1.303X 1072  91.53; 2.440x 1072 09711 4563%x107  9.802x 107 25.96,
(K4=10.0360)

313.15 13784 8.601 X107 0.9784 1.304x1072 94.934 2219%10%  0.9728 5.018x103 13.39x 107 22.56,
(K4=0.0491)

LPG 45.00 kg loading, ethane : propane : butane =0.6 : 97.7 : 1.7 (mass %) with 50 ppm (mass basis) of 2-hexyne.
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respectively. The partition coefficient at 273.15 K was
K4+=0.0145, and increased at higher temperature.
Therefore, the partition coefficient at 313.15 K was K4
=0.0491, which was 3.39 times that at 273.15 K.
These results suggested that the odor strength will be
increased at high temperatures. According to the
Japan Association on Odor Environment®, the mole
fractions of the odor threshold are reported to be 3 X
107 and 2.9 X 107! for DMS and TBM, respectively.
If the odor threshold of 2-hexane is clarified, the opti-
mum amount of 2-hexyne can be determined by using
the method proposed in this study.

4. Conclusion

Saturated vapor pressure was measured for 2-hexyne,
which is a potential sulfur-free odorant for LPG, with a
static apparatus in the temperature range from 273.14 to
313.14 K. The measurements were also carried out for
heptane, and the results verified by comparison with the
standard data. The bubble point pressure was measured
for ethane-2-hexyne, propane—2-hexyne and butane—2-
hexyne using the static apparatus at 273.15, 303.15 and
313.15K. The - and B-function in the PR equation
were determined for ethane, propane and butane using
the saturated vapor pressure and the saturated liquid
density. Only the o-function was determined for
2-hexyne using the saturated vapor pressure. The
three binary interaction parameters in the mod. PR
equation were determined by fitting the experimental
data of the bubble point pressure for ethane—2-hexyne,
propane—2-hexyne and butane—2-hexyne. The other
binary interaction parameters between ethane, propane
and butane were assumed to be zero. The 2-hexyne
concentration was evaluated in LPG (ethane : propane :
butane =0.6000 : 97.70 : 1.700, mass basis) with
50.00 ppm mass of 2-hexyne in a cylinder with the
inner volume of 117.50 L. The initial mole fraction of
2-hexyne in the vapor phase increased from 3.939 X
107 to 13.39 X 107 with higher temperature from
273.15 to 313.15 K, respectively. These data and the
calculation methods will allow calculation of the opti-
mum amount of 2-hexyne for the various compositions
of LPG.
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Nomenclatures

ac: attractive parameter in the PR equation at the critical
point

be: excluded volume parameter in the PR equation at the
critical point

D: initial mole number of vapor in the LPG cylinder

F: mole number of loading in the LPG cylinder

K partition coefficient of component i

kij: binary interaction parameter in the mixing rule of the PR
equation

p: pressure

Det critical pressure

Peal: calculated bubble point pressure

P saturated vapor pressure

Plealt calculated saturated vapor pressure

p'aist: saturated vapor pressure reported by the NIST

op: relative deviation for pressure

16p!: absolute relative deviation for pressure

op': relative deviation for saturated vapor pressure

16p°l: absolute relative deviation for saturated vapor pressure

Op'nist:  relative deviation for saturated vapor pressure from NIST
data

I6p*NisTl:  absolute relative deviation for saturated vapor pressure
from NIST data

R: gas constant

T: temperature

T critical temperature

u(X): uncertainty for physical properties X

V. inner volume of the LPG cylinder

v molar volume

Vi liquid volume in the LPG cylinder

VL saturated molar volume of vapor

Vi liquid volume in the LPG cylinder

Wi saturated molar volume of liquid

w: mass

Xi mole fraction of component i in the liquid phase

Xicalt calculated mole fraction of component i in the liquid
phase

Oxi: relative deviation for mole fraction of component i in the
liquid phase

10x,1: absolute relative deviation for mole fraction of compo-
nent 7 in the liquid phase

Vit mole fraction of component i in the vapor phase

< Greeks >

o: a-function in the mod. PR equation

o i-th coefficient of a-function used in the mod. PR equa-
tion

OpR: o-function in the PR equation

Osy: a-function in the PR equation corrected by Stryjek and
Vera

B: B-function in the PR equation

B i-th coefficient of -function used in the mod. PR equa-
tion

Peal calculated saturated liquid density

p’nist: saturated liquid density reported by the NIST

op°: relative deviation for saturated liquid density

16p°!: absolute relative deviation for saturated liquid density

w: acentric factor

<superscript >

s saturated

<subscripts >

cal: calculated

exp: experimental

NIST: NIST standard
1, 2, 3, 4: ethane, propane, butane, 2-hexyne
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