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Abstract

Mixtures containing isobutane, carbon dioxide, and/or hydrogen are found in vari-
ous industrial processes, green refrigerant systems, and the growing hydrogen indus-
try. Understanding the thermophysical properties of these mixtures is essential for
these processes, and depends on reliable experimental data. Making use of an auto-
mated static-analytical apparatus, measurements were made of the phase behavior
of binary mixtures of isobutane with CO, and with H,, extending the range of avail-
able data for both mixtures. Measurements of the system isobutane + CO, were car-
ried out along three isotherms at temperatures of (240, 280, and 310) K with pres-
sures from the lower limit of the sampling system (~0.5 MPa) to the mixture critical
pressure. The results exhibit good agreement with literature data. Measurements on
isobutane +H, were carried out along nine isotherms at temperatures of (190, 240,
280, 311, 339, 363, 375, 390, and 400) K with pressures up to 20 MPa, covering a
much broader range of conditions than the one prior investigation. The results have
been used to optimize temperature-dependent binary parameters in the Peng—Rob-
inson equation of state with two different mixing rules. This approach was found to
perform well in comparison to alternative models.
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1 Introduction

Isobutane (2-methylpropane) is the simplest isomeric alkane, being a structural
isomer of n-butane with a tertiary carbon atom at its center. The differences in its
behaviour compared with n-butane can offer meaningful insights into how isomers
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behave, helpful both for a deeper understanding of chemical physics and the devel-
opment of group contribution methods, especially for the functional group CH.
Beyond theoretical value, isobutane is a substance of great importance in various
existing and nascent processes, including those on the path to net zero.

An increasingly important application of isobutane is in the area of refrigeration,
where, under the name R600a, it has become one of the leading “green” or “natural”
refrigerants [1]. These are refrigerants with a low ozone depletion potential (ODP)
and a low global warming potential (GWP). Isobutane has effectively zero ODP and
a 100 year GWP of three [2]. It has a simple and stable structure, making it an ideal
choice of refrigerant. Carbon dioxide (CO,, R744) is also a green refrigerant, with
zero ODP and a GWP of one by definition. Blends of isobutane with CO, have been
considered and investigated [3—7] and offer a compromise on important properties,
improving positive qualities like coefficient of performance while mitigating the
negatives. For instance, isobutane is extremely flammable and so leaks present a fire
risk, whereas CO, is non-flammable and provides a reduction in mixture flamma-
bility. On the other hand, CO, cycles operate at relatively high pressure and incur
greater capital costs to withstand that pressure, while isobutane cycles operate at
a much more moderate pressure. Beneficially, both are non-toxic, unlike ammonia,
another potential green refrigerant [1]. Unfortunately, there is currently insufficient
thermophysical property data available in the literature to develop refrigeration sys-
tems using isobutane 4+ CO, blends, in one case forcing propane +CO, to be used as
a substitute in modeling [3].

Isobutane is present in large scales across the energy and chemical industries.
Isobutane is primarily produced from the isomerisation of n-butane [8], the majority
of which is then used to produce 2,2,4-trimethylpentane, the fuel additive commonly
known as isooctane, in alkylation units. It can also be produced from CO, and hydro-
gen (H,) [9], either with a more classical route using syngas or a greener approach
using captured CO, and ‘blue’ or ‘green’ hydrogen. Knowledge of the behavior of
isobutane with CO, and H, is thus highly pertinent to these processes as well as
those downstream and ancillary, doubly so with regard to separations therein. These
compounds will inevitably continue to persist as minor components and impurities
far downstream of their introduction, including potentially in CO, and H, pipelines.
Along a similar vein, research is being conducted into the blending hydrogen and
natural gas, wherein isobutane is a relevant constituent under investigation [10, 11].
The critical temperatures and pressures of the pure compounds, along with their tri-
ple point temperatures, are listed in Table 1 for reference.

More generally, there is great and growing value in understanding the behavior of
hydrogen mixtures, an area far less developed than for other industrial mixtures in

Table 1 Critical temperature 7, Chemical Name TJK pJMPa T/K
and pressure p, as well as triple ¢ M !
point temperature T, for the pure Isobutane 407.81 3.629 113.73
compounds [17-19] _—
Carbon Dioxide 304.13 7.377 216.59
Hydrogen 33.15 1.296 13.96
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juxtaposition to its importance in the ongoing energy transition. Even for common
mixtures such as H, with light alkanes, there is scant thermophysical property data
available in the literature, much of which is antiquated [12—-16] and lacking details
of experimental uncertainty. This affects both existing and future processes, includ-
ing H, storage and transportation. Phase behavior and density data especially are
needed as the key properties used to optimize and assess thermodynamic models.

There have been seven previous investigations into the phase behavior of isobu-
tane + CO, in the literature, as summarized in Table 2. The most recent study is that
of Wang and Li [26], containing relatively few points with a substantial amount of
scatter. The only other work that covered the low temperature region was Weber’s
[22]; this data set comprises many points that are generally consistent, though there
are a small number of apparently erroneous points visible, such as on the 280 K
isotherm. A later study by Weber [24] covered higher temperatures, almost to the
critical point of isobutane. The data here also appear to be of high quality, with lit-
tle scatter visible except in the near critical region at T=394 K. Three of the four
isotherms were matched to those in the earliest study of isobutane +CO,, that of
Besserer and Robinson [20], showing relatively close agreement though there are
some minor disagreements for the vapor composition. One isotherm of Besserer and
Robinson, at T=378 K, exhibits some scatter, with two vapor points clearly out of
line, but otherwise the data are satisfactory. Robinson, with Leu, later conducted
another investigation of the phase behavior near to the critical point of isobutane
[23], including measurements of the mixture critical point for the two temperatures.
Nagahama et al. [21] conducted some measurements only at 7=273 K; however,
like Wang and Li’s measurements at the same temperature, there is noticeable scat-
ter and the data are not so consistent with those at different temperatures from other
reliable studies. Finally, the second most contemporary work, that of Nagata et al.
[25], reports data along four isotherms at temperatures between (300 and 330) K
with only a minor degree of scatter.

There appears to have been only one prior investigation into isobutane+H,
reported in all of the open literature, for any thermophysical property. This is the
work of Dean and Tooke [16], published in 1946, covering a temperature range from
(311 to 394) K at six pressures from (3.45 to 20.69) MPa, from a series of studies
of the phase behavior of H,+hydrocarbons [13, 16, 27, 28]. The experiment used
an apparatus first described in 1937 [29], state of the art for its day but with notable

Table 2 Previous investigations

X ! Authors Year T/K p /MPa Refs.

into the phase behavior of

isobutane + CO, including the  gooeorer and Robinson 1973 311-394  0.50-7.18  [20]

temperature and pressure ranges

covered Nagahama et al 1974 273 0.16-3.49 [21]
Weber 1985  250-280 0.06-4.16 [22]
Leu and Robinson 1987  383-398  2.46-6.00 [23]
Weber 1989 311-394  0.57-7.40 [24]
Nagata et al 2011 300-330 0.65-6.97 [25]
Wang and Li 2017  263-303 0.11-3.97 [26]
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limitations. Two issues identified at the time were that the stirring system did not
handle the non-lubricating nature of the fluids well, limiting stirring speeds and
causing “extreme” equilibration times, and that it was difficult to prevent H, leak-
ing through the seal of a wire feedthrough. Additionally, the procedure employed to
take samples and then analyze them, while advanced for the time, is rudimentary by
modern standards. The convoluted method of separating the components involving
freezing out isobutane, fractional distillation, and hydrogen scrubbing, followed by
volume determination with balloons no doubt contribute significantly to the uncer-
tainty. Mercury was also used to pressurize the system and this can influence the
phase behavior, especially at higher temperatures. The limitations of this appara-
tus lead to the authors changing to an improved apparatus and an updated sampling
technique for the two other mixtures investigated in that work.

2 Experimental Methods
2.1 Apparatus

The vapor-liquid equilibrium (VLE) apparatus used in this work, shown in Fig. 1,
has been described in several previous publications [30-32], so not all details are
described fully here, although modifications made since the previous publications
are detailed. The technique employed was the static-analytic or analytical-isother-
mal method [33], where the vapor and liquid phases of a mixture in equilibrium at
a known temperature and pressure are sampled and their compositions are quanti-
tatively analyzed, in this case by gas chromatography (GC). The apparatus had a
maximum working pressure of 20 MPa and could be operated in the temperature

V-10

V-11

Bath Vent

Fig. 1 Simplified P&ID diagram of the VLE apparatus used in this work, adapted from [30] to include
modifications made since previous publications
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range of (183 to 473) K. This operating envelope permitted measurements over the
full range of interest in this work, from the triple point of CO, to the critical point of
isobutane.

A high-pressure equilibrium cell contained the fluids under investigation. It was
made of type 316L stainless steel and had an internal volume of approximately
143 cm?. The cell was sealed with a sliver-plated, nitrogen-pressurized hollow stain-
less steel O-ring. A blind hole in the wall of the cell housed a secondary-standard
platinum resistance thermometer (Fluke model 5615), calibrated according to the
International Temperature Scale of 1990 between (77 and 693) K and connected to a
digital readout unit (Fluke 1502A). The resistance of this thermometer was checked
immediately prior to this work in a triple-point-of-water cell. The overall estimated
standard uncertainty in temperature was 0.006 K. Pressure measurements were
made by the combination of a gauge pressure sensor (Keller PA-33X, 30 MPa full
scale) and an absolute pressure sensor for the atmospheric pressure (Keller PAA-
21Y, 0.2 MPa full scale), leading to an estimated standard uncertainty in pressure of
0.009 MPa. The cell was immersed in a thermostatic bath (Lauda Proline RP890).
Three different bath fluids were used to cover the range of temperatures explored in
this work. Ethanol was used for all of the isobutane + CO, measurements and the
low temperature isobutane+H, measurements, deionised water was used for the
measurements between (311 and 363) K, and silicone oil for the high temperatures.
Mixing inside the cell was promoted by a polytetrafluoroethylene (PTFE)-coated
magnetic stirrer bar magnetically coupled to an external permanent magnet and gear
assembly driven by a motor above the bath.

The cell was filled and emptied using a fluid handling system, previously
designed purely for gas handling but now adapted to allow for measurements of lig-
uids and easily condensable gases. It featured a 500 cm?® reservoir equipped with a
pressure sensor that allowed roughly known amounts of CO, to be transferred to the
cell, though in this work it was simply used as an intermediate store of CO,. Instead,
knowledge of the cell contents relied on pVT relations and a newly added high-pres-
sure syringe pump (Teledyne ISCO 100 DX) with electronic inlet and outlet valves.
A fluid jacket around the syringe pump allowed for temperature control using a
recirculating thermostatic bath (Huber CC1) filled with deionized water. This pump
was connected to the cell via a 0.79 mm outer diameter (OD)x0.50 mm internal
diameter (ID) tube, which passed coaxially through the existing 3.18 mm OD inlet/
outlet port and extended almost to the bottom of the cell. A second diaphragm vac-
uum pump (Vacuubrand MZ 2D NT) was connected upstream of the syringe pump
to aid in evacuating the system. Toward the end of the investigation, a system to
automatically vent the vapor phase was added. This consisted of a pneumatically
operated inverted-bellows valve (Swagelok Nupro HB Series), actuated using a sole-
noid valve, downstream of a 2 m long x0.13 mm ID capillary to help regulate the
flow to a controllable rate. The fluid handling system also featured a nitrogen purge
line to keep the bath blanketed with nitrogen.

Samples were withdrawn from the cell through two electromagnetic rapid on-line
sample injector (ROLSI) valves (MINES-ParisTech ROLSI Evolution IV). These
were connected to the cell with 1.59 mm OD x0.13 mm ID capillaries, one passing
near to the bottom of the cell, while the other stopped near the top, which allowed
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sampling from both the liquid and vapor phases. The sampling valves could be
opened for durations from 10 ms to several seconds, allowing a sample, on the order
of micromoles, to be drawn into the valve and swept into the GC by carrier gas. The
small sample size relative to the cell volume minimized disturbances to the equilib-
rium. To avoid condensation, the valves were fitted with cartridge heaters and were
insulated with glass-filled PTFE shells. These were maintained at 7=313 K for sub-
ambient isotherms, to avoid temperature fluctuations, or generally 20 K above the
cell temperature for super-ambient isotherms. The ROLSI valves were arranged in
a parallel configuration and connected to the GC via a bespoke heated transfer line.
A short section of the tubing immediately upstream of ROLSI valves and the entire
sample return path were heated, with the sample facing surfaces passivated (Sil-
colek Sulfinert) to the greatest extent possible. The GC (Agilent 7890A) allowed
for the components to be separated on a packed column (Porapak Q) and quantified
with a thermal conductivity detector (TCD). It also featured a gas calibration system
described later.

The apparatus was controlled be a Keysight VEE program on a desktop com-
puter, with a data acquisition unit (DAU) (Agilent 34970A) aiding data logging and
switching. This program would start and stop the GC method and stirring system,
actuate the ROLSI valves and venting valve, and interface with the syringe pump,
allowing for a sequence of measurements to be run automatically. The venting sys-
tem was operated on a closed loop with a simple on—off controller implemented in
software.

2.2 Materials

The source and purity of the samples are described in Table 3. All were obtained
from BOC and were used as supplied without further purification. Isobutane
could only be obtained at a purity of 0.995; the main impurity is understood to be
n-butane, whose properties are relatively close to those of isobutane.

Helium was used as the carrier gas for the isobutane + CO, measurements, generally
an ideal carrier gas when using a TCD because it has a much greater thermal conduc-
tivity than most other compounds, providing a strong response to both isobutane and
CO,. Hydrogen is the only gas with a higher thermal conductivity than helium and the
thermal conductivity of mixtures of hydrogen and helium does not vary as a monotonic
function of mole fraction [34, 35]. Therefore, helium is not a suitable carrier gas when

Table 3 Description of the

materials used and their mole Chemical name Source Purity as supplied lc);tl;g;_

fraction purities method
Isobutane BOC 0.995 None
Carbon Dioxide BOC 0.99995 None
Hydrogen BOC 0.99999 None
Helium BOC 0.99999 None
Argon BOC 0.99999 None
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detecting hydrogen using a TCD and argon was used in its place for the isobutane +H,
measurements. The thermal conductivity of argon is much lower than that of hydrogen
and approximately half that of isobutane, meaning that a strong response was obtained
for the former, while an acceptable response was obtained for the latter.

2.3 Calibration

Calibration of the GC system was performed in the manner described previously,
employing the absolute-area method, the accuracy and effectiveness of which is well
validated [30-32]. Here, the detector response to sample analytes is related to that pro-
duced by known amounts of pure analyte. The GC was equipped with two gas sam-
pling loops, of nominal volume 0.05 cm? and 0.2 cm?®. Each loop had two K-type ther-
mocouples affixed to it, yielding a standard uncertainty in temperature of 1 K, and an
in-line pressure sensor (Keller PAA-21Y, 0.6 MPa full scale), with relative standard
uncertainty of 0.3%. These loops could be filled with vapor samples of the pure com-
ponents being investigated, the densities of which were calculated with low relative
uncertainty based on the measured temperature and pressure. The equations of state
(EoS) [17-19] used, as implemented in REFPROP 10.0 [36], to calculate the densities
are listed in Table 4 along with their stated relative expanded uncertainties (k=2). The
contents of these loops are injected into the GC upstream of the column and produce a
chromatographic peak upon passing through the detector. A calibration curve may be
built up by injecting samples across a range of different loop filling pressures, from (0.1
to 0.3) MPa.

The loop filling density of component i, p; o, and by extension the amount, n,,
were described as a quadratic function of the peak area as follows:

Pitoop = <%p> = ay [A;/Q25uV - )] + a5 [A;/25uV - 9%, )

where V|, is the volume of the gas sampling loop, A, is the peak area produced by
the TCD by component i, and a,; and a,; are substance-specific calibration con-
stants regressed by minimisation of the sum-squared error S

— 2
§= Z (pi,calc - pi,loop) s (2)

between the filling density and the density predicted by the quadratic equation, p; ..
A quadratic relationship was used to capture the effect of slightly non-linear detector
responses, not uncommon for TCDs [37], and was found to perform notably better

Table 4 Equations of §t.ate Chemical name EoS U(p) Refs.
used to calculate densities
for cahl?ra'tlon and their Isobutane Biicker and Wagner 0.1 [17]
uncertainties ..
Carbon Dioxide Span and Wagner 0.03-0.05 [18]
Hydrogen (normal) Leachman et al 0.04 [19]
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than the linear form. The optimized calibration constants for each loop are listed in
Table 5. These constants are specific to a given loop volume; however, in practice,
the amount of a sample is immaterial and only the mole fraction is relevant, in the
calculation of which the volumes cancel out. As two loops of different volumes were
used an average is taken of the mole fractions predicted from either set of constants.

2.4 Procedure

The procedure began with flushing the system (VLE cell, syringe pump, tubing, etc.)
with the experimental gases before evacuating using the two vacuum pumps. The
syringe pump was chilled to 7=278 K and isobutane allowed to flow in from the
cylinder, condensing within and filling the pump. The pump temperature was then
increased to 7=293 K to avoid water condensing on its exterior while still maintain-
ing a constant temperature. Once the temperature had equilibrated, isobutane was
injected into the VLE cell.

In the absence of a window for visual confirmation, the volume had to be deter-
mined in advance to ensure that the ultimate liquid level inside the cell would lie
between the two capillaries, such that they could draw appropriate samples. This
required knowledge of the pVT conditions of the pump and the VLE cell and the
ability to model the mixture behavior approximately. In this case, the Peng—Robin-
son (PR) EoS detailed in Sect. 4.1 was used. Both the pump and cell were held at
fixed (though generally unequal) temperatures, and the cell was of fixed, approxi-
mately known, volume. The density of isobutane at the pump conditions was pre-
dicted by the model, providing knowledge of the amount of isobutane entering the
cell for a given change in pump volume. The compositions of the vapor and liquid
phases, and their densities, at the desired experimental pressure were also be pre-
dicted by the model, resulting in a sufficiently described system to determine the
liquid level.

With the isobutane injected, the pressure in the cell was raised to the desired
value, using either CO, or H, from a cylinder, and allowed to equilibrate while stir-
ring. In cases where the desired pressure was greater than could be delivered from
the cylinder, higher pressures could be achieved either by injecting more isobutane
from the pump or by filling the cell at a lower temperature and then carefully allow-
ing the contents of the cell to heat up isochorically.

Table 5 Substance-specific calibration constants for the components investigated in this work

Analyte/Carrier Loop 1 Loop 2

a, /mol-m™ azyl-/molm’3 a Ll-/mol-m’3 al,-/molm’3
Isobutane/He 8.09x 1077 4.68x10713 2.01x1077 7.23x107
Tsobutane/Ar 2.69x107 3.07x1072 6.72x 107 1.37x 1071
CO,/He 1.16x107° 1.12x 10712 2.77x107 1.93x 10713
Hy/Ar 1.06x 107 5.99%x 10713 2.62x107 5.44x 1071
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The stirrer was stopped ahead of sampling, allowing the liquid to settle and pre-
venting any vortex potentially wetting capillaries with other phase or foaming issues
arising. A quick series of liquid samples would be taken to flush the capillary, fol-
lowed by five to ten liquid samples to be used in analysis, at five minute intervals.
Samples of the vapor phase were then taken, up to twenty five at ten minute inter-
vals. In some cases, as many as fifty vapor samples were taken in order to observe
the effect of further sampling on sample composition. Initially a period of vapor cap-
illary flushing was used; however, it was found to be able to disturb the equilibrium
too greatly and was omitted in later measurements. Afterward, stirring was resumed
and one could move to next pressure point, either by manually venting some of the
vapor phase to lower pressure or by injecting components to raise pressure.

2.5 Automation

Automated measurements of a narrow range of pressures can be achieved with only
one degree of freedom, this was achieved by injecting isobutane from the ISCO
pump, raising the pressure while also increasing the overall mole fraction of isob-
utane. A consequence of this method is that the liquid level inside the cell rises
quickly as pressure increases, eventually immersing the vapor capillary followed by
the system leaving the two phase region. This limits the range of pressures that can
be accessed during a single run, especially when starting at lower pressures.

Automated measurements of entire isotherms, for the mixtures investigated,
require the ability to move through the pxy space with two degrees of freedom, vary-
ing both pressure and the overall composition. This was achieved through a combi-
nation of venting the vapor phase and injecting isobutane from the pump. Venting
the vapor phase reduces the pressure rather strongly while decreasing the overall
mole fraction of the more volatile component (CO, or H,). As this happens, the lig-
uid level inside the cell would decrease, which could be counteracted by injecting
isobutane from the pump, increasing the pressure slightly while increasing the isob-
utane mole fraction quickly.

3 Uncertainty

The uncertainty analysis in this work follows the same methodology as previous
publications [30-32, 38] guided by the ‘Evaluation of Measurement Data—Guide to
the Expression of Uncertainty in Measurement” recommended by NIST [39]. For
the determination of the composition, z;, of the liquid, x;, or vapor, y,, phases, the
measured quantities were the temperature, 7', pressure, p, and the chromatographic
peak areas, A;. The combined standard uncertainty in mole fraction u, (zi) is calcu-
lated as follows:

_ 2 OZ,- T 2 azi : (3)
u(z;) =\ u(z) + (()—T>u() + <$>M(P) ,
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where u(z,-) is the uncertainty in mole fraction, u(T) is the uncertainty in tempera-
ture, and u(p) is the uncertainty in pressure. The uncertainty in mole fraction is the
main contribution in most cases, except where the mole fraction changes quickly
such as near the critical point, and is calculated as follows:

@) = [0 -2 X @)+ L), @

where u,(A;) is the relative standard uncertainty in peak area and u, (f;) is the rela-
tive standard uncertainty in response factor, f;. The latter comes from the calibration
measurements and is given by:

Mf(f;) = [”,2-(”i) + uf(A,-)] cal’ ©

where ur(ni) is the relative standard uncertainty in the amount of substance, n;. As
previously, u(zi) reduces to the simple quadratic expression:

M(Z[) = 0011Z,(1 - Z[)? (6)

The uncertainties in temperature and pressure were 0.006 K and 0.009 MPa, as
mentioned above. The partial derivatives (az,-/ 6T) and (dz,- / ap) were determined
using the optimized EoS models, except for the near critical region for the (390
and 400) K isotherms in the isobutane + H, measurements, where the scaling cor-
relations described in Sect. 5.3 were used instead.

4 Modeling Methods
4.1 Peng-Robinson

Thermodynamic modeling has been carried out primarily using two variants
of the Peng—Robinson EoS [40], computed by a VBA program implemented
in Microsoft Excel. Both used the volume translation of Péneloux [41] and the
Soave alpha function [42], but differed in mixing rules. One used the classical
van der Waals mixing rules (PR-vdW), while the other used the modified Wong-
Sandler mixing rules of Orbey and Sandler coupled with the NRTL free energy
model (PR-mWS-NRTL) [43]; the latter can perform better for highly non-ideal
mixtures. The significant equations within these model variants are explained
below, the rest are excluded for brevity but can be found in the literature [43]
along with discussion comparing the modified Wong—Sandler rule to the original.
For a mixture of n components, the main equation of the PR EoS is:

RT a(T) ;
Vo =bn  Va(Ve+b5) + by (Ve = by’ M

p:
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where p is the pressure, R the gas constant, T the temperature, V,,, the molar volume,
and a,, and b, are parameters calculated from the mixing rules. The van der Waals
mixing rules are:

ay, = 2 ;xix;l = ky)/aid;, ®)

b+ b,
=) Y a1 - lij)%, 9)
T

where x; and x; are the mole factions of components i and j, respectively, ¢; and b; are
substance-specific parameters, and k; and /; are the binary interaction parameters.
While the modified Wong-Sandler mixing rules are:

a, 0D

RT ~ (1-D)’ (10)
0

b= Ty (11)

where Q and D are calculated as follows:

Q= ijxfxf@‘z%)i; (12)

AE
D= .,
Z <b RT> CRT (13)
where x; and x; are the mole factions of components i and j, respectively, (b - E)
ij

is the second virial coefficient, a;, @;, and b; are substance-specific parameters, C is a
constant, and Afo is the excess Helmholtz free energy at infinite pressure calculated
from the NRTL free energy model. Contained within the equations for the second
virial coefficient and the excess Helmholtz free energy at infinite pressure are the
binary interaction parameters kij, Tjjs and 7 specific to a given mixture, the last of
which is kept constant (a; = 0.3), while the former two must be regressed against
experimental data.

The binary interaction parameters used in both mixing rules were described as func-
tions of temperature as follows:

ki =c; +c)(T/K)+ (T /K)?, (14)

X = ¢y + cxa(T/K), (15)

where X stands for l;;, 75, or 75, and ¢y, ¢,, and ¢ are constants regressed by mini-
mizing the objective function S:
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1
= ]T/ 4 [(xl,i _xl,i,calc)2 + (yl,i _yl,i,calc)z]’ (16)

=

where N is the number of state points included in the regression, x;; is the mole
fraction of component 1 at point i from experimental measurements, and x ; ., iS
the mole fraction at that point calculated by the model. Component 1 denotes the
more volatile component, CO, or H,, while component 2 denotes the less volatile
component, isobutane.

The model requires pure component critical parameters and acentric factors
as inputs. As discussed in a previous publication [30], there are complications
with this for hydrogen due to its quantum behavior [44]. As such, adjusted values
were used to allow for better predictions at temperatures above the true critical
temperature of hydrogen, determined by minimizing the error in the predicted
second and third virial coefficients for pure hydrogen. As previously, the critical
temperature was set to 31.76 K, the critical pressure to 1.276 MPa, and the acen-
tric factor to — 0.0626.

4.2 Other Equations of State

The phase behavior has also been modeled with other types of equation of state
to provide a comparison and demonstration of the effectiveness of the PR models,
which use experimentally regressed parameters, while the other models are limited
to predictive use. These models were used as implemented in the Julia software Cla-
peyron [45], whose wide selection of models and open source, thus verifiable, nature
is most convenient. Numerous models could be examined, but this shall be limited
to only a few, considered to be the most relevant.

One such model is a predictive version of PR, the Enhanced Predictive Peng
Robinson (EPPR78) EoS [46, 47], which take a group contribution approach to
determining BIPs, making it very versatile and suitable for use with mixtures that
lack experimental data. The quality of the predictions is strongly dependent on the
description of the functional groups and their interactions, so high-quality experi-
mental data for similar, especially simpler, compounds are invaluable. The CH
group, present in the center of an isobutane molecule, is poorly developed relative to
the more common groups, such as CHj;, three of which are present in isobutane. For-
tunately, for EPPR78, the group interaction parameters are present for the CH group
with CO, and with H,. Another group contribution EoS is SAFT-y-Mie [48], based
on the statistical associating fluid theory (SAFT) using Mie potentials to describe
group interactions. It is significantly more sophisticated than the older, cubic EoS,
but is not as thoroughly developed, lacking the necessary parameters to model
isobutane + H,, limiting its use to isobutane 4+ CO,. It may be able to predict caloric
properties more accurately [49], which are important for modeling refrigeration pro-
cesses. The final model examined is GERG-2008 [50], a highly sophisticated Helm-
holtz energy explicit multiparameter equation of state developed for natural gases
and similar mixtures, optimized for 21 compounds, including those in this work.
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5 Results and Discussion
5.1 Isobutane +CO,

The phase behavior of isobutane + CO, was investigated at three temperatures: (240,
280, and 310) K, with data tabulated in Table 6 and is shown graphically in Fig. 2.
There were three literature data sources available around 310 K, one at 310 K [25]
and two at 310.93 K [20, 24], and one source of literature data available at 280 K
[22], allowing for comparisons. The data obtained in this work for those two iso-
therms were found to be in very good agreement with the literature data, providing
helpful validation for the apparatus and technique, previously validated before the

Table 6 Experimental phase

T/K / MP.
behavior data for [CO, P ah i u(x,) u(y)
() +isobutane (2)], the 310003 6.8206 08690 09199 125x107> 8.11x 10~
temperature, T, pressure,
p. liquid, x,, and vapor, 310.003 65503 08336 09123 1.53x107> 8.80x 107
¥, compositions and their 309.996 6.2706 0.7930  0.9066 1.81x107> 9.32x107*

uncertainties, u(x; ) and u(y; ) 310.003 59435 07569 0.8970 2.02x1073 1.02x1073
309.995 5.4556  0.6760 0.8835 2.41x107> 1.13x1073
309.998 4.9009  0.6025 0.8708 2.63x107> 1.24x1073
309.993 4.0123 04614 08370 2.73x107> 1.50x1073
309.994 3.0092 03192 07894 2.39x107> 1.83x1073
310.004 2.0185  0.1869 0.7175 1.67x107> 223x1073
310.006 1.4631  0.1158 0.6180 1.13x107> 2.60x1073
310.004 1.0426  0.0640 04885 6.59x10™* 2.75x1073
310.005 0.7233  0.0251 02315 2.70x10™* 1.96x1073
280.001 3.8865  0.9325 09773 6.92x10™* 2.44x107*
280.003 3.7361  0.8878 0.9699 1.10x107> 3.21x10™*
280.009 3.5536  0.8436 09592 1.45x107> 430x107™*
280.006 2.9466  0.6381 0.9338 2.54x107> 6.80x 107~
280.007 2.5491  0.5227 09165 2.74x107> 8.41x107™*
280.007 2.0678  0.3894 0.8947 2.62x107> 1.04x1073
280.005 1.5569  0.2630 0.8586 2.13x107> 1.34x1073
279.998 1.1188  0.1700 0.8058 1.55x1073 1.72x1073
279.999 0.9060  0.1274 0.7555 1.22x107> 2.03x1073
280.002 0.7034  0.0889 0.6953 8.91x107™* 2.33x1073
240.008 12106  0.9148 0.9854 8.58x107* 1.59x10™*
239.997 1.1347  0.8052 09770 1.73x107> 247x107™*
240.003 1.0450  0.6645 09667 2.45x107 3.54x107™
240.010 09379  0.5185 0.9599 2.75x107 4.23x107™*
240.013 0.8361 04179 09484 2.68x107> 539%107™
240.008 0.7374  0.3349 0.9434 245x107 5.87x10™*
240.005 0.6187 02581 09302 2.11x107 7.14x107™*

Standard uncertainties are u(7)=0.006 K, u(p)=0.009 MPa
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Fig.2 pxy diagrams for [CO, (1)+isobutane (2)] at (a) 310 K, (b), 280 K, and (c) 240 K, showing the
experimental data from this work @, as well as the data of Nagata et al. [25] at 310 K O, Besserer and
Robinson [20] at 310.93 K (}, Weber [22, 24] at 310.93 K O and 280 K. Also shown are the predictions
of PR-vdW - - - and PR-mWS-NRTL — and those of EPPR78 — —, SAFT-y-Mie , and GERG-
2008 (Color figure online)
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aforementioned modifications were made. It can be seen that the vapor composition
at 3.34 MPa from Weber’s 280 K [22] measurements is probably erroneous, though
the other measurements were of high quality. The 240 K isotherm is 10 K lower than
in the next lowest temperature source [22], extending the available data further into
the range of relevance for refrigeration. At 240 K, the pressures were nearing the
lower limit of pressure at which the sampling system could function and required
long ROLSI valve opening times, up to 10 s for the vapor phase, also meaning no
measurements could be made at lower still temperatures. Even at these low pres-
sures, the results appear consistent with the model predictions and higher tempera-
ture data.

Both PR-vdW and PR-mWS-NRTL were found to describe the behavior of isobu-
tane+CO, very closely, the accuracy primarily only limited by the scatter of the
literature data (Table 7). A marginally better fit could be obtained for PR-mWS-
NRTL, with an average absolute deviation in mole fraction of 0.0071 compared to
0.0094; however, the simpler PR-vdW would be sufficient in most cases. The former
may predict the liquid phase density more accurately [43]; however, this was not
able to be checked at this stage and is the subject of further work.

Comparisons of the predictions of the PR models with those of EPPR78, SAFT-
y-Mie, and GERG-2008 are also seen in Fig. 2. At temperatures of (280 and 310)
K, the predictions of EPPR78 and GERG-2008 are relatively similar to each other
and are almost in agreement with the experimental data; however, the bubble pres-
sure is consistently underpredicted. At T=240 K, the differences between them are
more pronounced, with EPPR78 overpredicting the bubble pressure while GERG-
2008 underpredicts it. The vapor compositions for these three isotherms are in
close agreement between the PR models, EPPR78, and GERG-2008, though PR-
mWS-NRTL just outperforms the others, more so with the liquid compositions.
SAFT-y-Mie has the most marked difference in its predictions. At T=310 K, the
predicted compositions are more isobutane-rich, especially for the liquid phase, and
the critical pressure is slightly underpredicted. At 7=280 K, an unphysical azeo-
trope appears, also predicted at T=240 K, and the liquid phase especially remains
overly isobutane-rich with bubble pressures significantly overpredicted. A predic-
tion of vapor-liquid—liquid equilibrium (VLLE) is also visible, which was not found
to occur during experiments. If a three phase line were to exist, it is likely that this
would be at temperatures lower than those at which solid formation, not normally
considered in fluid thermodynamic models, occurs. As such, from a practical per-
spective, one could consider the mixture to exhibit type I phase behavior accord-
ing to the classifications of Scott and van Konynenburg [51], as has been done for
other CO, +alkane mixtures [52]. For n-alkanes, it is only for heptane and beyond
that the VLLE curve appears, so this treatment may be reasonable. As the Scott—van
Konynenburg types do not consider solid formation, instead only interaction parame-
ters, from a fluid theory perspective, one could perhaps view the mixture differently.
Determining which type a mixture should be simply from interaction parameters is
difficult for real mixtures, and the idealized analysis of Scott and van Konynenburg
[51] suggests that the mixture should be classified as type II, but it is unclear if there
is a physically meaningful difference between a type I mixture and a type II mixture
where solid formation precedes a hypothetical liquid-liquid separation.
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Table 7 Optimized constants for the temperature-dependent binary interaction parameters for the two PR
EoS models for isobutane + CO,

Model Param- ¢ ¢ [
eter
PR-vdW k; 1.40x107"  —330x10™* 8.00x1077
[ 783x107  —-5.01x107° -
PR-mWS-NRTL & 3.03x107" - 1.00x107 1.61x1076
71 7.72x1070 —3.42x107% -
- 2.72x10°  —-543%x107 -

5.2 Isobutane+H,

The phase behavior of isobutane + H, was investigated at nine temperatures: (190,
240, 280, 311, 339, 363, 390, and 400) K, with data tabulated in Table 8 and is
shown graphically in Fig. 3. These measurements span almost the entire range from
the lower temperatures limit of the apparatus to the critical point of isobutane, 71%
of the range between the triple point and critical point of isobutane. For the (390
and 400) K isotherms, the mixture critical pressure was within the operating range
of the apparatus, allowing for measurements to be made in the near critical region.
This is very important for modeling purposes, as accuracy in this region can pro-
vide insights into a model’s performance and allow for better fitting. Predictions of
this region were found to be much more variable when regressing BIPs only from
the lower temperature isotherms, where the liquid composition varies relatively lin-
early as a function of pressure, akin to the idealistic Henry’s law, and the top of the
phase envelope is far out of sight. Two isotherms, (311 and 339) K, could be directly
compared to literature data [16], finding surprisingly close agreement for the liquid
compositions, while there is a pronounced difference for the vapor compositions,
with consistently lower hydrogen mole fractions found in this work than in litera-
ture. This is not unusual, given that the one prior study was conducted long ago with
rudimentary techniques.

There were some complications with measurements, most notably issues with
sampling the vapor phase. Liquid samples were generally unproblematic, near iden-
tical samples of the liquid phase could be obtained immediately after a short flush-
ing, while equivalently consistent samples of the vapor frequently required up to
twenty five samplings, sometimes still varying unsatisfactorily even after that point.
It is believed that these issues were the result of disruptions to the cell equilibrium
upon sampling, where small amounts of liquid could become entrained in the vapor
and even accumulate on the capillary for the vapor sampling ROLSI valve. These
effects, and the extent of their inconvenience, have been detailed in some depth in
the literature [53, 54] where windowed cells have allowed for visual observation.
In some instances, such as some moderate pressures at 390 K, liquid compositions
are given, while vapor compositions are not, as no steady vapor sample composition
could be obtained despite the liquid samples remaining well behaved. A small num-
ber of state points are missing a liquid or vapor composition due to complications
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Table 8 Experimental phase behavior data for [H, (1)+isobutane (2)], the temperature, 7', pressure, p,

liquid, x,, and vapor, y,, compositions and their uncertainties, u(x, ) and u(y, )

T/K p/MPa X » u(xl) ”()’1)
399.989 9.1782 0.2011 - 8.25x1073 -

0.1995 - 8.25x1073 -
399.994 8.9165 - 0.2489 - 2.14x1073
399.987 8.8297 0.1647 0.2489 1.87x1073 2.10x1073
399.984 8.6578 0.1552 0.2515 1.71x1073 2.09%1073
399.988 8.5031 0.1480 0.2521 1.62x1073 2.09%1073
399.977 8.2699 0.1385 0.2507 1.51x1073 2.08x1073
399.991 7.9605 0.1269 0.2484 1.22x1073 2.05x1073
399.991 7.6946 - 0.2461 - 2.04%x1073
399.986 7.4167 0.1094 0.2379 1.07x1073 1.99%1073
399.985 7.1132 0.1002 0.2304 9.92x 107 1.95x1073
399.996 7.0312 0.0974 0.2288 9.67x107 1.94%1073
399.982 6.6041 0.0858 0.2150 8.63x107* 1.86x 1073
399.981 5.9999 0.0696 0.1921 7.12x107 1.71x1073
399.994 5.8940 - 0.1883 - 1.68x1073
399.996 5.8239 - 0.1852 - 1.66x 1073
399.979 5.6957 0.0617 0.1783 6.37x107 1.61x1073
399.979 5.2926 0.0513 0.1582 5.35x 107 1.46x1073
399.991 5.2190 - 0.1560 - 1.45%1073
399.980 4.9934 0.0438 0.1413 4.61x107* 1.33%x1073
399.981 4.6905 0.0362 0.1224 3.84x107* 1.18x1073
399.981 4.2873 - 0.0944 - 9.40x 107
399.983 3.9891 - 0.0718 - 7.33x107
390.001 16.4992 0.3375 0.4233 3.84x1073 3.82x1073
390.001 16.2475 0.3148 0.4434 2.72%x1073 2.93%x1073
390.003 16.0043 0.3004 0.4541 2.51x1073 2.83x1073
390.003 15.8044 0.2908 0.4600 241x1073 2.80x1073
390.004 15.5051 0.2802 0.4632 2.32x1073 2.78x1073
390.003 15.2538 0.2707 0.4692 226x107° 2.78x1073
390.001 15.0003 0.2618 0.4717 220%x1073 2.77%x1073
390.002 14.8025 0.2556 0.4732 2.16x1073 277x1073
390.004 14.5060 0.2465 0.4761 2.10x1073 2.77%x1073
390.004 14.2558 0.2393 0.4763 2.06x1073 277x1073
390.002 14.0042 - 0.4773 - 2.77x1073
390.002 13.5007 0.2201 0.4746 1.89x 1073 2.74%x1073
390.003 13.0006 0.2075 0.4726 1.81x1073 2.74%1073
390.003 12.4980 0.1954 0.4693 1.73%x1073 2.74%x1073
390.002 11.9938 - 0.4643 - 2.74x1073
390.014 11.4921 0.1732 0.4602 1.58x1073 273%1073
390.014 10.9891 0.1622 - 1.49%1073 -
390.013 10.4842 0.1514 - 1.41x1073 -
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Table 8 (continued)

T/K p/MPa x| Vi u(x,) u(y;)
389.998 9.4606 0.1304 - 1.25%x1073 -

390.000 9.2051 0.1251 - 1.20x1073 -

390.000 8.9506 0.1199 - 1.16x1073 -

389.998 8.7462 0.1158 - 1.13x1073 -

390.001 8.4521 0.1101 - 1.08x1073 -

390.000 8.2097 0.1052 - 1.04x1073 -

389.999 7.9565 0.1002 - 9.92x 107 -

390.008 77552 0.0967 0.3582 9.61x107™ 2.53x1073
390.005 6.8458 0.0791 0.3194 8.01x107* 2.39x1073
390.006 5.9292 0.0618 0.2700 6.38x 107 2.17x1073
390.008 5.1509 0.0466 0.2120 4.89%x107* 1.84x1073
390.005 4.0009 0.0253 0.1489 271x107 1.39%1073
374.989 19.9277 0.2703 0.6701 2.17x1073 243x1073
374.991 19.5304 0.2648 0.6704 2.14x1073 2.43%x1073
374.989 19.0294 0.2564 0.6696 2.10x1073 2.43x1073
374.988 18.5257 0.2485 0.6678 2.05%x1073 2.44x1073
374.989 18.0255 0.2405 0.6657 2.01x1073 2.45x1073
374.991 17.5275 0.2328 0.6610 1.96x1073 2.46x1073
374.988 17.0180 0.2250 0.6590 1.92x1073 2.47x1073
374.987 16.5157 0.2172 0.6576 1.87x1073 2.48x1073
374.987 16.0145 0.2094 0.6542 1.82x1073 2.49x1073
374.988 15.5118 0.2016 0.6499 1.77%x1073 2.50x1073
374.994 15.0206 0.1947 0.6447 1.72x1073 2.52%1073
374.992 14.5125 0.1869 0.6381 1.67x1073 2.54%1073
374.996 14.0201 0.1795 0.6361 1.62%1073 2.55%1073
374.993 13.5080 0.1718 0.6277 1.56x 1073 2.57%x1073
374.995 13.0143 0.1641 0.6232 1.51x1073 2.58x1073
374.993 12.5032 0.1567 0.6166 1.45%x1073 2.60x1073
374.994 12.0074 0.1489 0.6080 1.39%1073 2.62x1073
374.988 9.9708 0.1186 0.5703 1.15%x 1073 270x1073
374.988 8.9630 0.1035 0.5457 1.02x1073 2.73x1073
374.988 8.4584 0.0958 0.5307 9.53x 107 2.74%1073
375.005 7.4120 0.0812 0.5177 8.21x107* 2.75%1073
375.006 7.0097 0.0753 0.5004 7.66x 107 2.75%1073
375.007 6.5050 0.0680 0.4744 6.97x107* 2.74%1073
375.007 6.0019 0.0606 0.4461 6.27x107 2.72x1073
375.001 5.4958 0.0533 0.4081 5.55x107 2.66 x 1073
374.994 4.9914 0.0456 - 479%107 -

374.996 4.4892 0.0383 - 4.05x107 -

374.995 3.9859 0.0302 - 3.22x1074 -

363.147 18.9980 0.2225 0.7543 1.90 x 1073 2.04 x 1073
363.145 17.9877 0.2099 0.7494 1.82x 1073 2.07 x 1073
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Table 8 (continued)

T/K p/MPa x| Vi u(x,) u(y;)

363.145 16.9809 0.1973 0.7439 1.74 x 1073 2,10 x 1073
363.148 16.6861 0.1933 0.7442 1.72 % 1073 2.09 x 1073
363.148 16.3844 0.1897 0.7425 1.69 x 1073 2.10x 1073
363.148 16.1824 0.1867 0.7408 1.67 x 1073 2.11x 1073
363.147 15.9836 0.1848 0.7296 1.66 x 1073 217 x 1073
363.147 15.7828 0.1823 0.7388 1.64x 1073 2.12x% 1073
363.148 15.4819 0.1784 0.7359 1.61 x 1073 2.14x 1073
363.147 14.9828 0.1719 0.7332 1.57x 1073 2.15 % 1073
363.147 14.4770 0.1655 0.7271 1.52x 1073 2.18 x 1073
363.148 14.2760 0.1626 0.7309 1.50 x 1073 2.16 x 1073
363.149 13.9738 0.1597 0.7249 1.48 x 1073 2.19x 1073
363.148 13.7766 0.1571 0.7217 1.46 x 1073 221%x1073
363.148 13.5711 0.1545 0.7207 144 x 1073 221 %1073
363.149 13.3723 0.1519 0.7195 1.42 %1073 222 %1073
363.149 13.1738 0.1495 0.7154 1.40x 1073 224 %1073
363.146 12.9620 0.1458 0.7178 1.37 x 1073 223 %1073
363.147 11.9555 0.1335 0.7047 127 x 1073 229 x 1073
363.146 10.9556 0.1211 0.6863 1.17 x 1073 237 x 1073
363.157 9.4536 0.1022 0.6588 1.01 x 1073 247 x 1073
363.154 8.9856 0.0958 0.6482 9.53x 107 251 %1073
363.148 8.4388 0.0892 0.6400 8.94x 1074 2.53x 1073
363.148 7.9675 0.0834 0.6248 8.41x 107* 2.58 x 1073
363.143 5.3536 0.0499 0.5159 522 %107 275 % 1073
363.145 4.9518 0.0446 0.4925 4.69 x 10~ 275 % 1073
363.145 47009 0.0413 0.4760 436 x 107 274 x 1073
363.145 4.4490 0.0394 0.4609 4.16 x 10~ 273 %1073
338.710 19.7239 0.1875 0.8549 1.68 x 1073 136 x 1073
338.711 18.0148 0.1728 0.8465 1.57 x 1073 1.43x 1073
338.710 15.9917 0.1529 0.8372 143 x 1073 1.50 x 1073
338.711 14.9931 0.1439 0.8321 1.35%x 1073 1.54 %1073
338.700 13.2959 0.1272 0.8288 1.22x 1073 1.56 x 1073
338.700 11.9938 0.1187 0.8223 1.15%x 1073 1.61 x 1073
338.700 10.4888 0.1047 0.8132 1.03 x 1073 1.67 x 1073
338.703 7.1078 0.0657 0.7562 6.76 x 107 2.03 x 1073
338.704 3.9616 0.0332 0.6430 3.54 x 107* 253 %1073
338.704 2.1000 0.0126 0.4224 1.37x107* 2.68 x 1073
310.919 16.1656 0.1281 0.9220 123 %1073 7.91 x 107
310.926 12.5358 0.1009 0.9177 9.98 x 10~ 8.30 x 107*
310.926 8.8101 0.0713 0.8970 7.28 x 107 1.02x 1073
310.925 5.5123 0.0441 0.8529 4.64 x 107 1.38 x 1073
310.925 2.9979 0.0228 0.7529 245 x 107 2.05x 1073
310.936 1.5339 0.0094 0.5996 1.02x107* 2.64 x 1073
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Table 8 (continued)

T/K p/MPa x| Vi u(x,) u(y;)
279.994 19.7308 0.1267 0.9690 1.22x 1073 3.30 x 107
279.991 16.9987 0.1073 0.9697 1.05x 1073 323 x 107
280.000 14.1845 0.0909 0.9668 9.09 x 107 3.53x 107*
280.003 11.0385 0.0723 0.9629 7.38 x 107 3.93 x 107
279.987 7.5495 0.0501 0.9534 523 x 107 4.89x 107*
279.989 4.6215 0.0287 0.9321 3.07x 107* 6.97 x 107
279.990 2.1057 0.0124 0.8755 1.35x 107 1.20x 1073
279.992 1.0852 0.0057 0.7770 621 x 107 191 x 1073
239.995 19.7104 0.0941 0.9928 9.38 x 10~ 7.86 x 1073
239.995 16.1565 0.0837 0.9916 8.43 x 107* 9.17 x 107°
239.996 12.5402 0.0623 0.9857 6.43 x 107 1.55%x 107
239.997 9.0786 0.0452 0.9857 475 x 107 1.55x 107
239.997 5.5076 0.0265 0.9870 2.84 x 107 142 %107
239.998 2.3701 0.0115 0.9764 1.25x 107 253 x 107
239.995 1.0844 0.0057 0.9526 6.25 x 107 497 x 1074
189.948 19.4572 0.0584 0.9995 6.05 x 107 5.50 x 107°
189.950 15.8934 0.0490 0.9992 5.13 x 107 8.39 x 1076
189.934 12.0480 0.0362 0.9993 3.84 x 107* 7.69 x 107°
189.947 8.9784 0.0291 - 3.11x 107* -

Standard uncertainties are u(7)=0.006 K, u(p)=0.009 MPa

with liquid level. While implementing and testing the automated system, the liquid
level inside the cell would sometimes exceed the working limits, especially when
only using the syringe pump to increase the pressure before having the venting sys-
tem in place. This was amplified by uncertainties from the model affecting estimates
of the liquid level. This issue was normally exhibited as the first and/or last state
point in a sequence sampling the same phase with both ROLSIs. These data were
included when there was confidence that the contents of the cell were still in the two
phase region, and excluded wherever it was likely that only one phase was present.
A quality of fit like that seen with isobutane + CO, using the PR models could not
be achieved with isobutane +H,. For PR-vdW, predictions of the vapor phase com-
positions are generally accurate; however, at higher temperatures, most notably (363
and 375) K, a difference in trend is visible at high pressures. The accuracy of the
predicted liquid phase compositions varies less consistently across the temperature
range, overpredicting the H, mole fractions at (390 and 400) K, under-predicting
them from (280 to 363) K, then notably overpredicting them again at 190 K. This
is believed to be an artifact of the temperature-dependent BIPs (Table 9), especially
given the good agreement between this work and the literature for the comparable
isotherms. Unfortunately, numerical problems were encountered when trying to
regress the BIPs for PR-mWS-NRTL for isobutane + H,, and no useful results could
be obtained with this model. The highly asymmetric nature of this mixture greatly
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Fig. 3 pxy diagrams for [H, (1) +isobutane (2)] at (a) 190 K, (b), 240 K, (c) 280 K, (d) 311 K, (e) 339 K,
(f) 363 K, (g) 375 K, (h) 390 K, and (i) 400 K, showing the experimental data from this work @, as well
as the data of Dean and Tooke [16] at (311 and 339) K O and the predictions of PR-vdW —— (Color

figure online)

increases the difficulty in converging the flash algorithms, resulting in frequent,
though unpredictable, failures to converge to a valid solution.

Despite the challenges in modeling isobutane + H, with PR-vdW and PR-mWS-
NRTL, a significantly better fit is obtained with PR-vdW than with the alternative
models, as seen in Fig. 4. As mentioned previously, SAFT-y-Mie could not be
used for this mixture; however, EPPR78 and GERG-2008 could be. At T=390 K,
EPPR78 systematically underpredicts the isobutane mole fraction in both phases
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Fig.4 pxy diagram for [H, (1)+isobutane (2)] at 390 K, showing the experimental data from this work
@, as well as the predictions of PR-vdW —— and those of EPPR78 — — and GERG-2008 (Color

figure online)
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Fig.5 pT diagram for isobutane+H,, showing the vapor curves of pure isobutane — and H, pre-
dicted by the EoS of Biicker and Wagner and of Leachman et al., the critical points of pure isobutane 4p
and H, 4 , the experimentally estimated mixture critical points @, and the mixture critical loci predicted

by PR-vdW ——, EPPR78 — —, and GERG-2008 (Color figure online)

Table9 Optimized constants for the temperature-dependent binary interaction parameters for PR-vdW
EoS model for isobutane +H,

Model Parameter ¢ [ [
PR-vdW k; 3.07x10° —1.00%x1072 —7.71%x107°
5.61%x107! —2.12%x107? -

ij

while overpredicting the critical pressure. While imprecise, the predictions are
still reasonable and the trends as expected, the same statement cannot be made
about the predictions of GERG-2008. At T=390 K, the predicted phase envelope
is much larger than found in experiments, with the liquid excessively isobutane-
rich and the vapor excessively H,-rich, and does not close at high pressures. The
shortcomings are most visible when examining the pressure—temperature plot of
the mixture critical loci, as shown in Fig. 5. The experimentally estimated criti-
cal points and those predicted by PR-vdW and EPPR78 all depart from the criti-
cal point of isobutane with a negative slope and tend quickly toward great pres-
sure, while GERG-2008 predicts that the critical loci depart with a positive slope
before passing a temperature maximum and turning back to lower temperatures
and higher pressures. This prediction is unphysical, the departure with positive
slope is seen almost exclusively with helium mixtures [55], while the tempera-
ture maximum is more unusual still. Neither EPPR78 nor GERG-2008 produces
sufficiently accurate predictions for real-world use, and there is a clear room for
their parameters to be refined. Additionally, the group interaction parameters for
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Table 10 Estimated critical

T/K P:
pressure, p., and composition, pJMPa Sl
210> for [Hy (1) +isobutane (2)] 390.003 16.598 0.3829
at experimental temperatures, 7

399.986 9.191 0.2153

the CH group with H, in SAFT-y-Mie can and should be optimized with the new
experimental data, though this is outside the scope of this work.

The binary mixture of isobutane +H, was found to unambiguously display type
IIT [51] phase behavior, as could reasonably be expected for a mixture of such dis-
similar molecules [55]. The mixture critical loci can be seen to rise sharply from the
critical point of isobutane, though its path at very high pressures is unknown. The
melting line of isobutane, near to which the three phase vapor-liquid—solid equilib-
rium line is expected to follow if consistent with other hydrogen mixtures [56-59],
is far separated from the critical loci. It is perhaps unlikely that the two should ever
meet, if so it would be at enormous pressure; however, the critical loci may instead
eventually turn back toward higher temperatures, as is known to occur for other type
III mixtures [55, 60]. Prediction of the phase behavior in regions so detached from
experimental data is challenging, and the cubic equations of state used in this work
may not be capable of describing some aspects of it [61], though alternative models
such as Carnahan—Starling-type equations of state may overcome this issue.

5.3 Isobutane +H, Critical Point Estimation

Critical scaling laws were applied in order to determine the critical point at (390 and
400) K, given in Table 10, using the following equation [62] for binary mixtures:

_ A H i
71 =2+ /11+67 (pc—p)+85(pc—p), (17)

where z; is the mole fraction of H, in the liquid, where € = 1, or vapor, where
€ = —1, p is the pressure, z; . is the critical composition, p, is the critical pressure,
$ =0.325, and A, 4,, and p are scaling parameters (Fig. 6). z; ., p., 4;, 4, and p
have been described as a linear function of temperature, in order to allow for the cal-
culation of ( 0z;/ dT) in Eq. 3, according to the equation:

M =ay, + aM’z(T/K), (18)

where M stands for z, ., p., 41, 4,, or u, while a; and a, are constants are regressed
against experimental data using the same objective function given in Eq. 16, and the
values of which are listed in Table 11.

The points at 9.18 MPa for the 400 K isotherm were initially excluded from the
parameter fitting as both ROLSI valves had sampled the same phase and it was not
certain if the system was still in the two phase region. These points were found to
lie almost exactly on the curve predicted by the equations and so were ultimately
included in the fitting, to minimal effect.
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Fig.6 Near critical region of 17 F X
[H, (1) +isobutane (2)] at (390 1
and 400) K in terms of the :
pressure p and reduced critical 157 !
composition z; /7 ., showing the © :
predictions of the scaling law — o 13 :
as well as the experimental data E 1
for the liquid O and vapor @ o 11} '
compositions :
)
)
7 1 1 1
0.60 0.80 1.00 1.20

6 Conclusions

Mixtures containing isobutane, CO,, and H, are relevant to current and future pro-
cesses, but it was found that insufficient data were available in the literature for
effective process development. To address this, state of the art measurements were
made of the phase behavior of isobutane with CO, and with H,, three isotherms
for the former and nine for the latter, extending the range of available data for both
mixtures. Good agreement with the literature was found for isobutane + CO,, which
has provided validation for the updated and increasingly automated apparatus. The
new measurements of the system isobutane +H, represent the vast majority of ther-
mophysical property measurements ever made of this mixture. A marked difference
in vapor compositions compared to the one prior study was observed. Measurements
in the near critical region could be made for the two highest temperature isotherms,
and could be well described by critical scaling laws. The binary interaction param-
eters for two variants of the Peng Robinson equation of state, PR-vdW and PR-
mWS-NRTL, have been optimized as functions of temperature. A quadratic function
was most effective for kl_-i, while linear functions were sufficient for the parameters
l; and ;. These models performed exceptionally well for isobutane+CO, across
the entire temperature range with available data, with PR-mWS-NRTL achieving
a marginally better fit. For isobutane+H,, PR-vdW could produce a moderately
good fit of the data, while we were unable to reliably converge flash calculations
for PR-mWS-NRTL. In all cases, the optimized PR models outperformed the pre-
dictive group contribution models, EPPR78 and SAFT-y-Mie, and the sophisticated

Table 11 Coefficients used for

the parameters in Eqs. 17 and 18 Parameter o o
N 4.58x107! -120x107°
FR —-2.24x107! 5.79x 107
u —2.51 5.96x1073
2. 6.92 -1.68x1072
Pe 305.44 —7.41%107!
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multiparameter GERG-2008. The data generated also provide an avenue to refining
interaction parameters for the CH functional group.
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