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ABSTRACT: New data are presented for the thermal con-
ductivity for CO2-rich binary mixtures in the liquid and dense
phase, for temperatures between 223 and 308 K and pressures up
to 20 MPa. Binary mixtures with mole fractions of 5% nitrogen and
5, 10, and 20% methane were investigated. Understanding the fluid
properties of CO2-rich mixtures at relevant conditions is important
for the deployment of efficient and robust systems for carbon
dioxide capture and storage (CCS), but except that for water-rich
CO2 + H2O mixtures, no thermal conductivity data on liquid or
dense phase mixtures including CO2 are known to be reported
prior to this work.

1. INTRODUCTION

Anthropogenic climate change is currently a major global
challenge, and hence reducing greenhouse gas emission is a
central objective for policymakers around the world. Corre-
spondingly, to aid the governments in reaching the ambitions
goals of limiting global warming to 1.5 to 2 °C, international
organizations such as the International Energy Agency (IEA)
and International Panel for Climate Change (IPCC) have
performed thorough studies for how pathways under different
scenarios could lead to the fulfilment of these goals.1,2 A
common aspect of almost all pathways is that the multitude of
measures needed includes capture and permanent storage of
CO2, in quantities similar to or larger than the current natural gas
market. This will require substantial infrastructure and energy
consumption. It is also essential, particularly in the early phases
of deployment, to ensure public acceptance and trust and avoid
costly shutdowns. Hence, it is crucial to optimize the design and
operations of the involved processes and systems with respect to
costs, robustness, and safety. However, such optimization is only
possible if the properties of the fluids involved are known under
relevant conditions.
Throughout the chain, there will be other components

besides CO2, which will affect fluid properties3 and hence the
performance of different processes.4,5 Impurities will naturally
occur before the CO2 capture and in geological storage
reservoirs. Depending on the process, the impurity level in
captured CO2 products varies significantly. Impurities may have
undesirable effects on the entire chain, but stringent purification
could impose a high cost. Hence, although various CO2 quality
specifications6−12 are in use and have been proposed for CO2

transport and injection, the ideal specifications for a given
system can only be found through a detailed cost optimization of
all processes downstream of the capture plant. Such an
optimization has to rely on detailed physical models of each
process which in turn require accurate property predictions, as
acknowledged by a number of reports, including the Norwegian
feasibility studies on full-scale CCS.13−16

Unfortunately, there are currently large gaps in the property
data for CO2-rich mixtures,17−20 which leads to correspondingly
large uncertainty in property models. In a 2011 review, the IEA
Greenhouse Gas R&D Programme (IEAGHG) found no
viscosity or density data for mixtures relevant for geological
storage conditions.4 Unlike most natural gas processes, CO2
processes often are operated close to the critical point, where the
impact of impurities can be significant.
For injection of cold liquid CO2 into reservoirs, thermal

conductivity, λ, must be known to assess heat transfer and
integrity issues of wells and reservoirs.21−24 Thermal con-
ductivity is also essential when designing ships for the transport
of liquid CO2 at low pressure. Additionally, viscosity and thermal
conductivity play a crucial role for the performance of heat
exchangers in capture and conditioning,25 pressure drop in
solvent columns,26 adsorption, and membrane processes.5
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The accepted reference correlation for thermal conductivity
of pure CO2 has for 27 years been from Vesovic et al.27 NIST
recently published a new correlation,28 with an estimated
uncertainty of 3% in the gas phase, 1% in the liquid phase, and
2−3% in the relevant supercritical region. For estimation of the
thermal conductivity of mixtures, extended corresponding state
models are widely used. For example, this approach is used in the
REFPROP thermodynamic library29,30 in a further development
of the TRAPP31 model. The use of the Wassiljewa-equation,32

for example, as formulated by Mason and Saxena,33 is another
well-established method. Another approach for estimating
thermal conductivity is based on excess entropy scaling.34−39

Currently, there are very few data on thermal conductivity for
CO2-rich mixtures, and none for the liquid phase. The
corresponding large uncertainties in existing thermal con-
ductivity models is an obstacle for cost-effective and safe design
and operation of CCS processes. Hence, the ImpreCCS
consortium41 has generated data on thermal conductivity at
conditions relevant for CCS to assess and improve the available
models. In this work, the thermal conductivity of CO2 + N2 and
CO2 + CH4 mixtures in the liquid and dense phases was
measured using the transient hot-wire technique. We have
previously in our lab used this method to measure thermal
conductivities of a number of fluids in a wide range of
conditions.40−42 The ideal working equation and associated
error corrections of the transient hot-wire apparatus are
discussed. Before the measurements of mixtures, the thermal
conductivity of pure CO2 was measured to calibrate the system.
The obtained data are then compared to the model predictions
of Huber et al.28

2. EXPERIMENTAL METHODS
2.1. Investigated Fluids. As there are no data available for

CO2-rich mixtures in the liquid and dense phase, measurement
of any such mixture would be of scientific significance.
Consultation with the industrial partners of the projects led to
the prioritization of CO2 + N2 and CO2 + CH4. Further, the
industry has a need to confirm properties at operational
conditions, typically with low impurity mole fractions. However,
for higher relative accuracy and robust modeling, data with
higher impurity content are needed. In addition, there are some
technical constraints. The apparatus was designed for liquids.
There is a limit to how low in density it is possible to measure
with reasonable confidence, constraining the concentration of
noncondensable gas in the mixture. The mole fractions were
chosen based on a trade-off between these considerations.
Coregas supplied the nominatedmixtures with the specifications
provided in Table 1. Cylinder pressures were below the dew
point at expected storage temperatures for all these mixtures.
Thermal conductivity measurements were also performed on

pure CO2 for verification and calibration reasons, as CO2 is
already relatively well described.28 The motivation will be

further discussed in section 2.6. The specifications for the CO2

used in these measurements are provided in Table 2.

2.2. Basic Principles. The transient hot-wire technique was
used for the thermal conductivity measurements in this work. In
this method, the fluid’s thermal conductivity is determined by
observing the temperature increase of a very thin metallic wire
following the application of a step voltage signal. The voltage
signal creates a line heat source in the fluid of essentially constant
heat flux per unit length of the wire. The wire acts both as a heat
source and a resistance thermometer.
The transient hot-wire method’s fundamental working

equation can be derived assuming an infinitely long and thin
wire with zero heat capacity and infinite thermal conductivity
placed in a uniform fluid of infinite dimensions. Further, the heat
transfer from the wire is assumed to be purely conductive; that is,
the fundamental working equation ignores convection or
radiation. This working equation takes the following form:

i
k
jjjjj

y
{
zzzzzπλ

α
α

Δ = ≪γT r t
q t

r
r

t
( , )

4
ln

4
e

, assuming 1id 0
0
2

0
2

(1)

Here, ΔTid is the change in temperature in this idealized case, q
is the heat power generated per unit length of wire, λ is the
thermal conductivity of the fluid at the test temperature T and
pressure p. r0 is the wire radius, t is the time from the onset of the
step voltage signal, α is the thermal diffusivity, and γ is the Euler
constant equal to 0.5772157. Hence, in this idealized case, the
thermal conductivity can be found from the slope of temperature
shift as a function of the logarithm of time.
In practice, the experimental design introduces a number of

departures from the ideal solution. Therefore, essential
corrections have to be made to the acquired experimental data
to adjust it to the ideal model described by eq 1; that is,

∑ δΔ = Δ +T r t T r t T( , ) ( , )
i

iid 0 exp 0
(2)

whereΔTexp(t) is the temperature rise measured experimentally
and ΣiδTi is a sum of the applied corrections. Corrections to the
ideal solution have been presented explicitly elsewhere43−51 and
are discussed briefly in section 3.1.

2.3. Experimental Overview.The core of the experimental
apparatus consists of two 26 μm diameter anodized tantalum
wires of length 57 mm and 20 mm. The wires were arranged in
opposite arms of a Wheatstone bridge to eliminate the end

Table 1. Gas Mixtures Used in the Experimentsa

component (2)

mixture name chemical name CASRN mole fraction purity y2 U(y2) cylinder pressure (MPa) source analysis method

CN05 nitrogen 7727-37-9 0.999999 0.0493 0.0010 4.7 Coregas none
CC05 methane 74-82-8 0.999999 0.0482 0.0010 4.7 Coregas none
CC10 0.0988 0.0020 5.0 Coregas none
CC20 0.1991 0.0040 5.6 Coregas none

aComponent (1) is carbon dioxide in all mixtures, with specifications provided in Table 2. Yi is the mole fraction of component i, U(Yi) is its
expanded uncertainty (k = 2), Y1 = 1 − Y2, and U(Y1) = U(Y2).

Table 2. Pure Fluid Used in the Experiments

chemical
name CASRN source

purification
method

final mole
fraction
purity

analysis
method

carbon
dioxide

124-38-9 COREGAS none 0.99995 none
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effects arising from axial conduction. The temperature shift was
found by measuring the change in resistance difference between
the two wires during a 1-s-long rectangular voltage signal.
Hence, in order to find the thermal conductivity λ from eq 1, the
wires must be characterized such that both the temperature shift
ΔT as a function of change in resistance and heat per length q as
a function of current are known.
The Wheatstone bridge is schematically shown in Figure 1.

The variable resistances R3, R4, and Rdummy are set equal to 32Ω.

Rst is a standard resistance equal to approximately 10 Ω. R1 and
R2 are tuned iteratively prior to each measurement using a small
test supply voltage Vs for a few seconds, ensuring that the bridge
is balanced, that is, that Vbr does not change with the small
nonzero Vs and that the total resistance in the measurement arm
is approximately equal to the dummy resistance RDummy = 32 Ω.
A measurement is triggered by a Labview program, which
switches the power supply from the dummy resistance to the
bridge for the duration of the rectangular voltage signal. The
corresponding electric current causes heating of the long and
short wires, and hence the bridge voltage Vb will increase. The
Labview program controls and the data acquisition system
records the voltages at B, C, D, andG at a sampling rate of 50Hz,
and hence measures the temporal evolution of both Vb and Vst.
Vb is to the first order proportional to the change in resistance
per meter wire, and hence temperature increase, while Vst is
proportional to the current and hence to the first order to the
power input per meter wire.
Figure 2 provides a schematic of the system employed,

indicating the main parts of the apparatus. The two wires are
placed inside a cell designed for high pressure. The cell is
suspended inside an insulated liquid bath with a jacket, as shown
in Figure 3. The temperature of the setup is regulated by a
thermostat which circulates fluid through the jacket. Thermal
uniformity is optimized by employing a stirrer in the bath (not
indicated in Figure 2). Temperature is measured at the bottom
of the cell as well as inside a hole on the body of the cell close to
its top using 100 Ω, 4-wire, platinum resistance thermometers
(PRTs). These sensors were calibrated using a standard

platinum resistance thermometer (SPRT) before the measure-
ment campaign, as discussed in section 2.5.
The cell’s inlet is connected to a rupture disc, vacuum pump,

and syringe pump, which again could be connected to a gas
cylinder containing the gas under test. The cell’s outlet is
connected to drain and a 30 MPa Keller PAA-33x pressure
transmitter (PT), with digital output and a specified 0.05%
precision of full scale (FS), or 15 kPa. The cell can be sealed off
by closing the valve at the inlet (V5), upstream from the rupture
disc, and outlet (V6), downstream the pressure transducer. The
RPTs and PT are logged continuously during the experimental
period using a Labview data acquisition system.

2.4. Overview of Experimental Procedures. This section
provides an overview of the experimental procedures, focusing

Figure 1. Schematic of themeasurementWheatstone bridge used in the
current work with the supply voltage. R1, R2, R3, R4, and Rdummy are
variable resistances, Rst is a standard resistance approximately equal to
10 Ω, and Rl and Rs are the resistances of the long and short sensor
wires, respectively.

Figure 2. Simplified schematic of the transient hot-wire apparatus.

Figure 3. Tantalum wires (a), high-pressure cell (b), and insulated
liquid bath with thermostated jacket (c) used in the thermal
conductivity measurements.
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on mixtures. There was a risk of crossing into the two-phase
envelope in the cell, during injection, or in the pressure
transmitter at or close to ambient temperature. If no proper
precautions had been made, this could have led to undetected
changes in the composition of the fluid under test. With
reference to Figure 2, the impact of any phase separation in the
pressure transmitter was minimized by ensuring a one-way flow
in the long line between the cell and V6, while the injection lines
were kept at supercritical conditions as much as possible. For
pure fluids or fluids and conditions where there was no danger of
crossing any saturation lines, more straightforward routines
could be employed.
Before the measurement, the system was evacuated. The

uniform composition of gas mixtures was ensured by heating the
bottom part of the cylinder to a safe but significant higher
temperature than the ambient for at least 24 h. However, all
mixtures were filled in the cylinders to a pressure far below the
dew point and had been stored for a long time. Hence, in
principle, all mixtures should already be uniform in the cylinders.
After the evacuation, all valves were closed. Before injection of
the gases to the syringe pump, it was ensured that both the pump
and the measurement cell were at supercritical temperature with
a margin of at least 10 K. For mixtures with critical point above
278 K, a low-viscosity silicon oil was hence used as thermal fluid
in the setup instead of ethanol which has a flash point of 287 K.
The syringe pumpwas charged by opening V1, V3, and the gas

cylinder valve. If charging a mixture, it was ensured that the
syringe pump was set to a constant pressure mode with a set
point at or above the first measurement point and well above the
cricondenbar of themixture before opening valve V4. Hence, the
cell could be charged at a supercritical temperature by opening
V5 while the gas line leading to the cell inlet was at a supercritical
pressure. When the cell was at the desired supercritical pressure,
the temperature could be changed to the first test temperature,
while keeping the pump in constant pressure mode. When the
cell’s temperature stabilized, V4 and V5 were closed before
starting the measurements, while keeping V4 open and
maintaining the pump’s supercritical pressure and the line
between the pump and V5.
Measurements were conducted after balancing the bridge as

discussed above, using an optimal supply voltage, where
convection was avoided while maintaining sufficient signal
strength. Several measurements were performed at each
temperature, separated by at least 7 min to let the temperature
profile of the cell settle.
Care was taken to avoid backflow from the pressure

transmitter when there was a risk of phase separation in the
line to it. Hence, in these cases, measurements were taken in
decreasing order of density, as illustrated in Figure 4. In general,
that meant starting at the lowest temperature and at the highest
pressure of that temperature. To release pressure from the cell,
either at the same temperature, or if needed when going to the
next higher temperature, V6 was opened slightly while V5
remained closed, flushing the line from the outlet of the cell in
the process. If the cell and the pump were at supercritical
pressure, it was still possible to inject more fluid into the cell,
which would be needed at 308 K/20 MPa in the example of
Figure 4.
Finally, since the transient wire technique leads to heating of

the fluid, typically up to a couple of degrees, care was taken when
selecting experimental points close to the bubble point curve.
Since there is some uncertainty in the model phase envelope
predictions for the mixtures under study in this work,51,52 a

margin of 5−10 K was used on the warm side of the
measurement point and at least 1 MPa in pressure.
For each mixture, a preliminary test matrix and measurement

sequence, following the philosophy described above, was made.
This experimental planning is illustrated in the case of CO2 + N2
in Figure 4. At supercritical conditions, the lowest pressure was
limited by the values of density, viscosity, and thermal
conductivity compatible with the apparatus.

2.5. Calibration of Pressure and Temperature Sensors.
The 30 MPa Keller PAA-33x pressure transmitter used in this
work was calibrated to traceable standards between 283 and 313
K and over the pressure span of the sensor by the supplier right
before the experimental campaign. The scatter in the calibration
data were well within the specified precision of 0.05% of full
scale, or 15 kPa.
The 100 Ω PRTs were calibrated by bringing them together

with a calibrated standard precision thermometer (SPRT) in a
thermostatic bath at nine temperatures ranging from 243 to 323
K. The resistance measurements of the PRTs were fitted to a
Callendar−van Dusen equation,55 leading to an expected error
of the model prediction between 243 and 308 K of the order of
10 mK or less. Below 243 K the fitted higher-order model is
extrapolated, and larger errors are expected. In addition, there is
uncertainty due temperature gradients in the fluid, which will be
evaluated by comparing the two temperature sensors.

2.6. Characterization of Tantalum Wires. In absolute
measurements, the tantalum wires must be characterized to high
accuracy to calculate the thermal conductivity from eq 2, both in
terms of dimensions and resistance as a function of temperature.
In this work, it was instead chosen to employ relative
measurements using pure CO2 as a reference fluid. A second-
degree polynomial was fitted to the temperature response of the
difference in resistance between the two wires. This response
was determined experimentally. A common scaling factor of the
coefficients of this polynomial was fitted by comparing the
model28 and experimentally determined values of the CO2
thermal conductivity, such that a more accurate relation
between the supply voltage (proportional to q in eq 1) and
bridge voltage (proportional to the experimental temperature
shift, ΔTexp (r0, t) could be found.

Figure 4. Planned approximate charging and measurement sequence,
VLE curve, and iso-density curves for the CO2 + N2 mixture with 5 mol
% N2 (CN05). The thermodynamic curves are estimated using EOS-
CG.19,52−54
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The apparatus has previously been verified with toluene and
water,40 but the properties of liquid CO2 are closer to those of
the mixtures under study. Hence, CO2 was the preferred
reference fluid for the measurements of this work.

3. ANALYSIS AND THEORY
The software estimates the evolution of the temperature ΔTexp
(r0, t) and supplied heat q based on the recorded data, following
the methodology, described elsewhere, for example, in ref 51.
The initial part of the curve deviates from eq 1 as the
assumptions used to derive it are not valid as t→ 0. The thermal
conductivity λ is then found in an iterative manner, where
repeatedly the updated estimation of λ based on eqs 1−2 is
followed by an application of the corrective terms as listed below
until the value of λ stabilizes. The model of Chichester and
Huber implemented in REFPROP29,30 is used to calculate the
initial value of λ in this iteration
3.1. Corrections. The following corrections were consid-

ered in this work, and except for the radiative corrections, all
were applied in the final data processing:

i. Finite wire heat capacity correction:43,44,56
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Equation 1 does not take into account the finite heat
capacity of the wire, and this must be compensated by eq
3, which again is valid for thin wires, r0

2/αt ≪ 1. αW, λW,
and (ρCp)W are the thermal diffusivity, thermal
conductivity, and heat capacity per volume of the wire.

ii Outer boundary:57
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A premise for eq 1 is an infinite outer boundary. In
practice, the inner cell radius and hence the outer
boundary of the heat conduction problem is finite, and eq
4 provides a correction, assuming b≫ r0 and (again) r0

2/αt
≪ 1. Here, Y0 is the zeroth order Bessel function of the
second kind, while the values of gv are consecutive roots of
the zeroth order Bessel function of the first kind, J0 (gv) =
0. Healy et al. concluded that this correction is not
significant when b2/at > 5.78,44 which has proved to
always be the case in our measurements.

iii Radiation in an absorbing medium:48,58
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The ideal solution assumes no radiation. As seen from
the equation above, radiation manifests itself through a
term in the temperature shift which is linear in time. The
factor B, which requires a range of different properties of
the fluid to be calculated directly, can hence be found by
fitting a linear term to the temperature function, ΔTcorr,
after the corrections have been applied:

Δ = + +T C t C t Cln( )corr 1 2 3 (6)

Hence, B can be found from eqs 5 and 6:

Table 3. Overview of Thermal Conductivity Data (Experimental and Ab Initio) for CO2 and the BinaryMixtures of CO2 +N2 and
CO2 + CH4

a

no. sources data ranges

system G/L total 1975→ no. points T /K p /MPa xCO2

CO2
b G/L 90 20 150−2000 0−196 1

CO2 + N2 G 12 2 452c 150−2000 0−304 0.1−0.9
CO2 + CH4 G 6 5 534 150−1200 0−12 0.075−0.88

aIncluding information about their phase (G, gas/supercritical phase; L, liquid) and ranges in temperature (T), pressure (p), and composition
(xCO2).

bSummarized from ref 28. cPartly deduced from ref 18.

Table 4. Thermal Conductivity Data for CO2 + N2 Binary Mixturesa

first author G/L E/AI ref year no. points T /K p /MPa xCO2

Crusius G AI 60 2018 173 150−2000 0 0.10−0.90
Johns G E 61 1988 81 322−474 1.1−31 0.29−0.84
Barua G E 62, 63 1968 273−573
Gilmore G E 64 1966 24 348 0.1−304 0.20−0.80
Westenberg G E 65 1962 25 300−1100
Cheung G E 66 1962 373−913
Vines G E 67 1960 5 <1173
von Lehmann G E 68 1957 273−623
Kulakov G E 69 1955 338−1047 0.1
Rothman G E 70, 71 1954/5 38 642−961 0−0.1 0.17−0.75
Davidson G E 72 1953 3 273 0.1 0.33−0.75
Keyes G E 73, 74 1951/2 22 273−623 0.1−8.5

aIncluding information on their phase (G, gas/supercritical phase; L, liquid), generation (E, experimental; AI, ab initio), and ranges in temperature
(T), pressure (p), and composition (xCO2). The information is partly collected from Li et al.18 and NIST ThermoLit.59
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πλ
=

−
B

C
q

4 2

(7)

The radiative correction was applied in the initial
analysis of the data. However, the estimation of B turned
out to be quite sensitive to spurious measurements in the
time trace, and addingΔTcorr to the temperature function
was seen to amplify noise to a level far beyond the
anticipated impact of radiation. This correction was hence
omitted when producing the data of this work.

iv Temperature shift:44

= +
Δ + Δ

T T
T t T t( ) ( )

2r 0
1 2

(8)

As the temperature shifts up to a few degrees, this must be

compensated for, both with regards to estimation of the

thermophysical properties used to calculate the thermal

conductivity from (2), but also with regards to the temperature

which the resultant thermal conductivity measurement refers to.

In eq 8, t1 is the starting time and t2 is the ending time of the

temperature curve segment considered in the analysis, T0 is the

initial/logged temperature, whereas Tr is the temperature

associated with the measurement. This is a simple correction,

which will not be accurate in areas where properties are changing

rapidly with temperature, that is, close to the critical point or if

the temperature shift is large.

Table 5. Identified Thermal Conductivity Data for CO2 + CH4 Binary Mixturesa

first author G/L E/AI ref year no. points T/K p/MPa xCO2

Hellmann G AI 75 2016 25 150−1200 0 0.20−0.80
Pat́ek G E 76 2005 180 300−427 0.7−12 0.25−0.75
Yorizane G E 77 1983 62 298−308 0.1−9 0.075−0.88
Kestin G E 78 1982 33 301 0.9−6.3 0.51−0.74
Christensen G E 79 1979 14 228−433 0.3−1.5 0.49
Rosenbaum G E 80 1969 220 333−433 3.3−6.9 0.24−0.76

aIncluding information on their phase (G, gas/supercritical phase; L, liquid), generation (E, experimental; AI, ab initio), and ranges in temperature
(T), pressure (p), and composition (xCO2).

Figure 5. Two measurement samples, both for the CN05 mixture at 268 K and 20 MPa. The measurement of the upper graphs was discarded due to
indications of convection, while the measurement of the lower graphs, using a lower supply voltage, was accepted. Left graphs: Measured and fitted
temperature shifts as a function of time. Right graphs: Deviations between measurements plus corrections and the fitted ΔTid.
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4. RESULTS
4.1. Existing Data. As was seen from the surveys of refs 18

and 20, the data situation for CO2-rich mixtures’ thermal
conductivity is not good. Except for CO2−H2O, no data were
identified for CO2-rich mixtures in the liquid phase, and the
measurements for CO2−H2O are all old, with most of them
being from the 1950s. Although there are no identified literature
data that have overlap with the liquid and dense state mixture
measurements of the present work, a more detailed overview of
existing experimental and ab initio data in the vapor phase for
the binary systems CO2 + N2 and CO2 + CH4 is provided in
Tables 3−5.
A comprehensive experimental study and literature review

were recently completed by NIST on pure CO2.
28 The model

provided in the same article is expected to reflect the reliable
data investigated there in a good way, so this model is used as a
reference in this work.
4.2. Operationalization of the Measurement Proce-

dure. A number of measurements were made at each
temperature, pressure, and composition combination. Unfortu-
nately, there was significant noise in the bridge voltage

measurements, which led to a considerable scatter in each
sample’s estimated thermal conductivity. It is speculated that
this noise was due to EMF from an unknown source or from the
data acquisition system itself.
At the same time, there is a limit to the achievable signal

strength in practice. For high supply voltages, and hence
measured bridge voltages, the heat transfer will be dominated by
free convection, which will lead to systematic overestimation of
the thermal conductivity. Free convection can be identified in a
measurement by a negative curvature in the deviation plot
between the measured temperature plus corrections and the
fitted temperature function as a function of time, that is, by a
comparison between the right and left side of eq 2. An example
of evident convection, which led to a rejection of the
measurement sample, is shown in Figure 5. An accepted
measurement at the same conditions with lower supply voltage is
also shown. The relative scatter is a bit higher, but there is no
significant negative curvature in the deviation plot. The onset of
convection depends on thermophysical properties such as
density, viscosity, heat capacity, and thermal conductivity, of
which density seems to be the most important parameter in
practice.
The experimental strategy to overcome these challenges

consisted of finding an ideal supply voltage on a trial-and-error
basis for each investigated state, aiming for a tantalum wire
heating power low enough to provide sufficient signal-to-noise
ratio while avoiding convection.

4.3. Data Reduction and Uncertainty. Following the
measurements, each individual trace was carefully examined.
Apart from convection, an additional identified issue during the
analysis was that the initial nonlinear transient of the traces had
different durations. Different techniques, such as individually
defining the starting point of the linear part of the trace through
numerical analysis or visual inspection, was attempted. In the
end, it was seen that the most repeatable results were achieved
by finding the slope of the ΔTexp vs the logarithm of time in a
fixed time interval (from 0.2 to 1 s), while rejecting any samples
that had signs of convection or where the initial transient had
propagated into this interval. This was not a straightforward task,
as the noise often was of the same magnitude and sometimes
with characteristic frequency of ∼1 Hz.

Figure 6. Response of thermal conductivity setup for pure CO2 (“Exp”)
at different conditions with experimental parameters fitted to the
thermal conductivity model of Huber et al.28 plotted as a function of
density using the Span-Wagner EOS.53 Error bars indicate estimated
experimental uncertainty, using a coverage factor of k = 2. Thermal
conductivity isotherms from Huber et al.28 are also plotted (“Calc”).

Table 6. Experimental Measurements of Thermal Conductivity (λ) of CO2 in the Liquid or Dense Supercritical Single Phase as a
Function of Pressure (p̅) and Temperature (T̅), with the Thermal Response of the Tantalum Wires Fitted to the Correlation of
Huber et al.a,28

T̅ p̅ λ̅ U(T̅) U(p̅) U(λ̅) |λ̅ − λ̅calc|

ID K MPa W·m−1·K−1 K MPa W·m−1·K−1 W·m−1·K−1

CO2-01 223.56 4.204 0.171 0.68 0.015 0.006 0.0003
CO2-02 223.73 6.126 0.160 0.68 0.015 0.008 0.0130
CO2-03 238.75 5.029 0.152 0.11 0.015 0.006 0.0020
CO2-04 239.56 5.869 0.154 0.10 0.015 0.005 0.0000
CO2-05 253.13 4.494 0.138 0.07 0.015 0.004 0.0022
CO2-06 268.45 5.466 0.120 0.03 0.015 0.004 0.0011
CO2-07 283.66 6.976 0.103 0.03 0.015 0.004 0.0005
CO2-08 298.63 11.845 0.094 0.02 0.015 0.004 0.0002
CO2-09 308.47 14.973 0.089 0.02 0.015 0.004 0.0006
CO2-10 322.40 15.133 0.076 0.03 0.015 0.011 0.0009

aT̅, p̅, and λ̅ are the mean measured temperature, pressure, and thermal conductivities. U(T̅) and U(p̅) are the expanded estimated uncertainties of
the temperature and pressure measurements, respectively. Uc(λ̅) is the estimated combined expanded uncertainty of the thermal conductivity
measurements. The expanded uncertainty estimates are provided with a coverage factor of k = 2. |λ̅ − λ̅ calc| is the absolute difference between
measured and calculated thermal conductivity value.
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Figure 7. Measurements of thermal conductivity of four different mixtures at different conditions (Exp) as a function of density of the mixtures
calculated from EOS-CG.19,52−54,82,83 Error bars indicate estimated experimental uncertainty, using coverage factor of k = 2. In the same graphs
selected estimated isotherms calculated using REFPROP are also shown (Calc). CN05: CO2 +N2mixture with an approximateN2mole fraction of 5%.
CC05, CC10, and CC20: CO2 + CH4 mixtures with CH4 mole fractions of 5, 10, and 20%, respectively.

Figure 8. Measurements of thermal conductivity of CO2 and four different mixtures at different conditions as a function of density of the mixtures
calculated from EOS-CG.19,52−54,82,83 Error bars indicate estimated experimental uncertainty, using coverage factor of k = 2. Left: CO2 and CO2 + N2
mixture with an approximate N2 mole fraction of 5%. Right: CO2 and CO2 + CH4 mixtures with CH4 mole fractions of 5, 10, and 20%, respectively.
Top: Absolute thermal conductivity. Bottom: Relative deviations from correlations used in REFPROP.28−30 In the deviation plots, an error bar for
clarity is provided only for one representative point for each fluid.
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During this process, it was decided to discard all data with
density less than 650 kg/m3, as well as measurements of a CO2 +
N2 mixture with 40% N2 content, as the supply had to be turned
down so much for these mixtures to avoid convection that the
signal drowned in noise.
Following the analysis and selection of each ΔTexp curve, the

resultant measurements of acceptable quality for each point in
pressure, temperature, and composition were averaged, and the
uncertainty was estimated. Following the methodology

described in GUM,81 the total uncertainty was estimated by
combining contributions from different independent sources,
such as systematic errors from temperature, voltage, and
pressure measurements, nonuniformity of the temperature
measurements, and random errors (noise) on a root sum square
basis.
In practice, the random scatter in the data proved to be an

overwhelming dominating source of uncertainty. The estimates

Table 7. Thermal Conductivity Measurements of CO2 (1) Mixed with Nitrogen or Methane (2)a

ID comp x2 T̅ p̅ λ̅ U(x2) U(T̅) U(p̅) Uc(λ̅) |λ̅ − λ̅calc|

(2) K MPa W·m−1·K−1 K MPa W·m−1·K−1 W·m−1·K−1

CN05-01 N2 0.0493 223.79 19.326 0.167 0.0010 0.67 0.016 0.011 0.006
CN05-02 N2 0.0493 223.87 5.458 0.157 0.0010 0.67 0.015 0.011 0.004
CN05-03 N2 0.0493 238.86 5.536 0.136 0.0010 0.11 0.015 0.011 0.007
CN05-04 N2 0.0493 253.62 19.811 0.147 0.0010 0.07 0.015 0.011 0.005
CN05-05 N2 0.0493 253.79 6.101 0.135 0.0010 0.07 0.015 0.011 0.009
CN05-06 N2 0.0493 268.19 6.816 0.113 0.0010 0.02 0.015 0.011 0.004
CN05-07 N2 0.0493 268.40 19.789 0.128 0.0010 0.04 0.015 0.011 0.002
CN05-08 N2 0.0493 288.39 20.152 0.111 0.0010 0.02 0.015 0.011 0.004
CN05-09 N2 0.0493 288.39 8.862 0.094 0.0010 0.02 0.015 0.011 0.007
CN05-10 N2 0.0493 308.23 13.991 0.086 0.0010 0.02 0.015 0.014 0.008
CN05-11 N2 0.0493 308.36 19.914 0.085 0.0010 0.02 0.015 0.011 0.005
CC05-01 CH4 0.0482 223.58 3.621 0.159 0.0010 0.67 0.015 0.014 0.005
CC05-02 CH4 0.0482 223.68 17.951 0.173 0.0010 0.67 0.016 0.014 0.003
CC05-03 CH4 0.0482 238.17 4.136 0.151 0.0010 0.10 0.015 0.014 0.005
CC05-04 CH4 0.0482 253.29 19.936 0.144 0.0010 0.05 0.015 0.014 0.001
CC05-05 CH4 0.0482 253.33 19.818 0.160 0.0010 0.06 0.015 0.014 0.015
CC05-06 CH4 0.0482 253.38 4.508 0.139 0.0010 0.05 0.015 0.014 0.011
CC05-07 CH4 0.0482 267.94 5.535 0.112 0.0010 0.03 0.015 0.014 0.001
CC05-08 CH4 0.0482 268.16 19.970 0.127 0.0010 0.03 0.015 0.014 0.004
CC05-09 CH4 0.0482 268.20 19.844 0.147 0.0010 0.03 0.015 0.014 0.017
CC05-10 CH4 0.0482 288.03 7.972 0.086 0.0010 0.02 0.015 0.014 0.004
CC05-11 CH4 0.0482 288.05 19.986 0.106 0.0010 0.02 0.015 0.014 0.005
CC05-12 CH4 0.0482 288.22 19.905 0.101 0.0010 0.02 0.015 0.014 0.010
CC05-13 CH4 0.0482 307.72 19.845 0.092 0.0010 0.02 0.015 0.014 0.002
CC05-14 CH4 0.0482 307.72 14.055 0.076 0.0010 0.02 0.015 0.014 0.007
CC10-01 CH4 0.0988 223.51 4.146 0.159 0.0020 0.68 0.015 0.006 0.004
CC10-02 CH4 0.0988 223.58 19.265 0.161 0.0020 0.68 0.016 0.008 0.008
CC10-03 CH4 0.0988 238.43 19.318 0.157 0.0020 0.10 0.015 0.006 0.004
CC10-04 CH4 0.0988 238.36 5.269 0.135 0.0020 0.10 0.015 0.006 0.004
CC10-05 CH4 0.0988 253.28 19.773 0.133 0.0020 0.06 0.015 0.006 0.006
CC10-06 CH4 0.0988 268.12 19.785 0.122 0.0020 0.03 0.015 0.008 0.002
CC10-07 CH4 0.0988 268.17 7.016 0.107 0.0020 0.03 0.015 0.006 0.002
CC10-08 CH4 0.0988 282.90 19.926 0.108 0.0020 0.02 0.015 0.006 0.002
CC10-09 CH4 0.0988 282.86 8.143 0.093 0.0020 0.02 0.015 0.006 0.004
CC10-10 CH4 0.0988 302.80 14.240 0.078 0.0020 0.02 0.015 0.006 0.004
CC10-11 CH4 0.0988 303.03 19.899 0.091 0.0020 0.02 0.015 0.006 0.002
CC20-01 CH4 0.1991 223.67 16.231 0.139 0.0040 0.67 0.02 0.009 0.014
CC20-02 CH4 0.1991 238.66 19.342 0.131 0.0040 0.10 0.016 0.009 0.010
CC20-03 CH4 0.1991 238.68 7.142 0.122 0.0040 0.10 0.015 0.009 0.003
CC20-04 CH4 0.1991 253.41 19.666 0.123 0.0040 0.05 0.015 0.009 0.003
CC20-05 CH4 0.1991 253.52 7.646 0.115 0.0040 0.05 0.015 0.009 0.007
CC20-06 CH4 0.1991 263.49 8.632 0.097 0.0040 0.03 0.015 0.009 0.001
CC20-07 CH4 0.1991 278.57 19.183 0.108 0.0040 0.02 0.015 0.009 0.006
CC20-08 CH4 0.1991 294.60 19.853 0.087 0.0040 0.02 0.015 0.009 0.002

ax2 is the mole fraction of component (2). T̅, p̅, and λ̅ are the mean measured temperature, pressure, and thermal conductivities, respectively. The
fluids under test were in the liquid or dense supercritical single phase. U(x2), U(T̅), and U(p̅) are the expanded estimated uncertainties of the
component (2) mole fraction and the temperature and pressure measurements, respectively. Uc(λ̅ ) is the estimated combined expanded
uncertainty of the thermal conductivity measurements. The expanded uncertainty estimates are provided with a coverage factor of k = 2. |λ̅ − λ̅ calc|
is the absolute difference between measured and calculated thermal conductivity value, using the mixture correlations provided by REFPROP.29,30
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take into account both deviations from sample to sample as well
as long-term fluctuations over the measurement campaign.
4.4. Measurements of Pure CO2. The measurements of

pure CO2 are plotted in Figure 6 as a function of estimated
density ρ from the Span-Wagner EOS,53 and the data are
provided in Table 6. As discussed in section 2.6, the thermal
response was fitted to the thermal conductivity reference
correlation for pure CO2 by Huber et al.28 After the fit, the
standard estimated error of the data vs the model is around 4%,
leading to an expanded uncertainty of the fit of around 2%with a
coverage factor equal to two. This uncertainty is twice the stated
uncertainty value of the pure CO2 correlation in the liquid
region.28

Since a parameter used to calculate the data is fitted to the
model, this work provides no additional confirmation of the
absolute thermal conductivity value of pure CO2. However, as
seen in Figure 6, there does not appear to be a systematic trend
in the deviations between the model and data. The estimated
expanded combined uncertainties of the measurements with a
coverage factor of k = 2 are indicated by the error bars in Figure
6, and these uncertainties are also provided in Table 6 together
with the absolute deviations with the correlation of Huber et
al.28 For the data at temperatures of 308.5 K and below, the
estimated expanded relative uncertainty is between 3 and 5%,
but it is 15% at 322 K. As discussed above, this latter higher
uncertainty is most likely due to the low density at that
temperature. The fit is weighted with respect to the uncertainty
of each data point. The temperature and pressure uncertainties
have no significant impact on the combined uncertainty of the
thermal conductivity, but the numbers are nevertheless included
in Table 6. The increase in uncertainty of the lowest temperature
is mainly due to temperature gradients of the cell.
4.5. Mixture Data. The measured data and their expanded

uncertainties of the mixtures are plotted in Figure 7 as a function
of density together with some thermal conductivity isotherms
for the different mixtures estimated using REFPROP.29,30 In
Figure 8, the data of the different mixture systems are compared
with pure CO2. In the bottom half of the figure, the deviations
between the data and the calculated values fromREFPROP28−30

are provided. The measured temperature, pressure, and thermal
conductivities of the mixture data points, with corresponding
uncertainties, are provided in Table 7. In the table, also the
absolute thermal conductivity deviations between the data and
the REFPROP30,31 model estimates are provided. The
uncertainties in composition and, like for pure CO2, in
temperature and pressure do not provide a significant
contribution to the overall uncertainty of the experiment.
Hence, only the combined uncertainty estimates are provided
for the thermal conductivity.
Overall, the relative uncertainty of the data increases with

decreasing density. Within the experimental uncertainty, there is
an agreement between the model for the mixture and the
measurements, with the thermal conductivity increasing with
impurity content.

5. CONCLUSIONS
The first measurements of liquid and dense phase thermal
conductivity of CO2 rich mixtures with other components than
water are provided. Such data will be important for the
optimization in terms of design and operational strategies of the
large infrastructure needed for CCS in the future.
Within experimental uncertainty, there is good agreement

between the data and the corresponding state model currently

used in REFPROP.29,30 However, there is improvement
potential with regards to the accuracy of the data, and there is
still much experimental ground to cover for the systems
investigated in the current paper, as well as for other relevant
mixtures systems that currently have no data.
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