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Abstract

In this paper, we described the design and construction of a new two-capillary viscometer with
several novel technical solutions for viscosity and density measurements. Our design, which is
based on the low-pressure principle, featured numerous improvements in hardware and
procedure that allowed the greatly extended range of pressure. The new design adopted a (2 x 2)
capillary configuration, utilizing different combinations of four capillaries to enable viscosity
measurements with a wide range of flow rates, temperatures, and pressures. The design
temperature range is 213 K—473 K, and the pressure range is up to 100 MPa. The viscometer
was specifically designed for measuring the viscosity of pure CO, and CO,-rich mixtures,
addressing the scarcity of data in conditions relevant to carbon capture, transport, and storage.
Our facility is capable of viscosity measurements in different thermodynamic states; gaseous,
liquid, supercritical, and critical regions. A commercial densimeter is integrated to measure
density under the same temperatures and pressures. We aimed for a total uncertainty target of
better than 0.03%. The performance of the viscometer was validated by measurements with
pure CO, at 298.15 K and zero density. We observed a deviation of less than 0.03% between the
reference viscosity of CO; of this work and accurately calculated data using ab initio quantum
mechanics with a standard uncertainty of 0.2%. Our primary focus in this paper was to provide a
detailed description of the design and construction of the apparatus, emphasizing improvements
and introducing new solutions to other research groups in constructing similar instruments
suitable for low- and high-pressure viscosity measurements with high accuracy.
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1. Introduction

In CO, capture, transport, and storage (CCS), comprehens-
ive knowledge about the thermophysical properties is essen-
tial for the design, operation, and optimization of all the pro-
cesses along the whole chain. Mathematical models are gen-
erally used to predict the necessary thermophysical properties.
These properties are influenced by different variables, such
as the stream composition and operational conditions. Since
the CCS processes cover an expansive range of fluid condi-
tions and involve multi-component mixtures, a single math-
ematical model cannot fulfill the requirement for providing
highly accurate property estimates. The main reason being that
the established models are limited by the extent of available
experimental data and their high uncertainty. Limited exper-
imental data contributes to significant uncertainties in model
predictions. This uncertainty may result in additional safety
margin in design, adding avoidable capital and operational
costs for large-scale CCS [1]. Viscosity and density are two
crucial thermophysical properties significant for CO, trans-
port and storage processes. Viscosity is a crucial parameter
for flow calculation, where the pressure drop is proportional
to the viscosity. It is also needed for the Reynolds number
to characterize the flow regime. Reservoir injectivity index,
plume evolution, and storage efficiency also depend on the
viscosity. In CO, enhanced oil recovery, the mobility of CO,
into the reservoir depends strongly on the viscosity contrast.
Viscosity has an impact on history-matching and seismic inter-
pretation, long-term CO, migration, and potential for reser-
voir leakage. Several studies show that impurities can signi-
ficantly affect the viscosity of CO,, particularly close to the
critical point, where a thermodynamic state transition occurs
[2, 3]. Density is also required to estimate reservoir capacity,
injection pressure, plume evolution and buoyancy migration in
gravity-dominated systems [4]. Therefore, an accurate viscos-
ity and density database for different types of impurities, and
at a wide range of operating conditions is essential for devel-
oping more accurate models.

The long-term aim of the presented research work is to
enable reduction of large-scale CCS project costs and asso-
ciated risks by providing high-quality thermophysical prop-
erty data at conditions relevant for CO, transport and stor-
age. For this purpose, a new two-capillary viscometer has
been designed and constructed to provide high accuracy meas-
urements, covering the region of interest for CCS; temper-
ature ranges between 213.15 K and 473.15 K, design pres-
sures up to 100 MPa, Pure and mixed liquid, supercritical
and gaseous states can be measured by the new apparatus.
In addition, a commercial vibrating tube densimeter is com-
bined with the viscometer for measurements of density at
the same conditions as the viscosity measurements. The new
apparatus will facilitate both closures of data gaps in density
and enable direct conversion between kinematic and dynamic
viscosity.

1.1. State of the art

Capillary viscometer as the most common instrument for vis-
cosity measurements was introduced in 1840 by Poiseuille [5],
who studied the flow of distillated water. Absolute viscosity
of water at 293.15 K and atmospheric pressure which is still
used as one of the two sources to establish the ISO was meas-
ured using a single capillary by Swindells et al in 1952 [6],
reporting a viscosity value of 0.001 0019 (3) Pa-s. In 1985,
Hoogland et al [7] developed a capillary-flow viscometer for
the precise determination of the viscosity of gases near critical
points. They modified the Poiseuille formula for compress-
ible fluids, and measurements on sulfur hexafluoride were per-
formed up to 10 kPa with standard uncertainty of about 0.1%.
Besides, viscosity of nitrogen at several pressures and tem-
peratures were measured for the purpose of calibrations. A
broad survey of the various methods for viscosity measure-
ments, in particular for different type of capillary viscometers,
was presented by Kestin ef al in 1973 and revised by Wakeham
in 1991 [8, 9].

In 1993, a capillary viscometer was used to measure the vis-
cosities of pure gaseous CO; and Ar-CO, mixtures. The accur-
acy achieved was within +0.7% over the temperature range of
213 K-353 K, utilizing a ratio measurement method compared
to pure Ar [10].

In 2004 [11], Berg described a quartz capillary flow meter
(QCFM) for measuring gas flow rates below 1000 pmol s~!
with an uncertainty of less than 0.03%. The same work
also introduced a hydrodynamic model based on the Hagen—
Poiseuille equation with relevant correction factors for QCFM.
In 2005 [12], Berg used the QCFM alternatively as a single
capillary to measure the absolute viscosity of several gases
at 298.15 K and atmospheric pressure. The estimated uncer-
tainty was less than 0.04% at 298.15 K, where an independent
flow rate measurement was required for the viscosity meas-
urements. Ultimately, the uncertainty of the measurements
was verified by comparing the measured viscosity data of
helium using the QCFM with the predictions from the ab ini-
tio model [13]. The results showed that a new flow meter/vis-
cometer could be constructed and calibrated using ab ini-
tio values for the viscosity of helium to measure absolute
viscosity values with similar standard uncertainty for other
gases. In this case, only nominal measurements of the capil-
lary radius r and length L were required; those values were
used in the calculation of small corrections, and the value
of L was used in the prefactor. With these results in mind
and based on the principle that gas viscosity-ratio measure-
ments are more accurate than absolute measurements, May
et al [14] modified the two-capillary viscometer and applied
the ratio measurement approach. The reference viscosity of
helium at zero density and temperature at 298.15 K, 77(‘){’398,
deduced from the best experimental data and the best value
calculated ab initio [13] was used. The acquired viscosity of
helium from two capillaries viscometer was 775{398 = 19.842
(7) uPa-s, which deviates by 0.08% from the reported ab initio
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results 77&398 = 19.8253 (2) uPa-s. In 2007, May et al [15]
continued measuring ratio viscosities 7755z /770 505 for several
gases at low densities in the temperature range from 200 K
to 400 K using a two-capillary viscometer with an uncer-
tainty ranging between 0.024% and 0.077%. In 2012, Berg
and Moldover [16] reviewed viscosity ratios near 298.15 K
and zero density for 11 gases obtained with 18 instruments.
They recommended new values with maximum relative stand-
ard uncertainties ranging from 2.7 x 107%t0 3.6 x 10~* ata
68% confidence level using the viscosity of helium calculated
ab initio. Later in 2014, Berg et al [17] reviewed single-, two-,
and four-capillary viscometers, and further recommendations
for measurements at high-pressure conditions and of liquids
were suggested based on the ratio measurements.

In 2016, a new equipment based on the capillary tube was
developed for accurate high-pressure viscosity measurements.
This equipment was designed based on the capillary flow tech-
nique and vibrating tube method, respectively, for viscosity
and density measurements. The experimental results showed
its capability of operating up to 70 MPa, with relative com-
bined expanded viscosity uncertainties ranging from 0.07% to
4% [18].

In another research group, an in-house capillary tube appar-
atus was employed for viscosity measurements of CO,-rich
mixtures within the temperature range of 280 K-343 K and
pressures up to 40 MPa. In this study, a stated uncertainty
of 1% was reported, although only the uncertainty in pres-
sure measurements was considered [19]. Subsequently, util-
izing the same apparatus, the pressure range was expanded,
enabling viscosity measurements at pressures up to 155 MPa.
These measurements were conducted across various temper-
atures, ranging from 243 K to 423 K to cover the gas, liquid,
and supercritical regions [20].

In 2015, a two-capillary viscometer was introduced based
on principles described in [17]. In that work [21], viscosity
measurements of liquid cyclohexane and decane were conduc-
ted between 303 K and 598 K, at pressures up to 4 MPa, with
a 3.0% Additionally, the temperature range of the viscometer
was extended to encompass viscosity measurements of liquid
hexadecane at a temperature range of 323 K-673 K, and at
pressures up to 4.0 MPa, maintaining the same uncertainty as
in the previous work [22].

As discussed above, several publications have highlighted
the potential for viscosity measurements achieving low uncer-
tainty through viscosity ratio measurements involving two-
capillary viscometers and ab initio calculations. Hence, the
goal of this research work was to design and construct a modi-
fied two-capillary system to measure the viscosity of pure and
mixed gases with lower uncertainty, applying the underlying
principles introduced by Berg and Moldover [16].

2. Experimental methodology
The measuring principle of capillary viscometers is based on

Hagen—Poiseuille equation because the roles of viscosity and
flow rate are interchangeable. For a compressible fluid that

flows through a capillary tube with a radius of r and length
L, the flow rate with the ideal gas assumption yields:

_ 7TI"4 (Pizn_Pgut) (1
16L 18 (T,0) RyasT

N

where Ry, is the universal gas constant and 7% (7,0) is the
viscosity of ideal gas in the limit of zero-pressure, and Pj,
and P, are the pressures at the inlet and outlet of the capillary,
respectively. The capillary impedance Z is given by [14]:

_16Ly
Z(T) = AT )

To compensate for the assumptions for the basic Hagen—
Poiseuille equation, as explained in [23, 24], Berg [11] imple-
mented several correction terms. With these corrections, the
accurate hydrodynamic model for compressible fluids flowing
through a capillary wound into a coil is in the form of:

Kent 1
'R
6L

it =g | 1+ gviriat (Pin, Pout) + 4KsiipKn +

Kexp Kinermal \ 7 Pout
—Rel
+( 8 16 )1 o\ P,

5
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The three main factors in the expression for molar flow
are: (1) ng : the flow rate for an ideal gas, determined from
equation (1), (2) five dimensionless correction terms in the
bracket, will be further explained. (3) fen: factor: correcting
for the centrifugal effect due to curving the capillary into a
coil.

Five dimensionless correction terms in the bracket include:
(A) departures from the ideal gas behavior; gyi;ia. However,
this term is valid only for high pressure gases and a different
approach is needed for the liquid phase. (B) slip at the capil-
lary walls; Kq;p, (C) kinetic energy changes at the capillary
entrance; K.y, (D) gas expansion along the length of the capil-
lary which increases the kinetic energy, causing additional
pressure drop; Kexp, (E) thermal or radial temperature distri-
bution along the capillary; Kiperma A detailed description of
correction terms A—E and the model proposed for f.en; can be
found in [12]. Here Kn, Re, De, and § are Knudsen number,
Reynolds number, Dean number and the ratio of the internal
radius r of the capillary to the radius of coil, Ry, respect-
ively. For Poiseuille gas flow, the average pressure along the
capillary:

5 2(Pin3_P0ut3)
Pajou =5 ( 525 ) - 4)
/o 3 Pinz_Pout2

The ratio viscosity measurements can be performed more
accurately than absolute viscosity measurements since the
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impact of capillary geometry on the uncertainty of the meas-
urements is cancelled out in the ratio equation. The working
equation proposed by May et al [14] for high densities apply-
ing ratio viscosity measurement approach and using helium as
reference fluid yields:

He gas
gas _ He o,r 70,298
Mo, = 710,298 7771{@ e
0,298 / 1 imitio \ 110,298

(1) 7g5og is the viscosity of helium at zero density and refer-
ence temperature of 298.15 K calculated using ab initio
[13] from quantum mechanics and statistical mechanics
with uncertainty less than 0.01%.

(2) (10'5/ 6598 )ab initio is the temperature-dependent ratio for
helium at 298.15 K and desired temperature 7. Calculated
ab initio [13] with uncertainty less than 0.01% in the range
200 K < T < 400 K.

(3) (7208/70508) 1s a reference value for the viscosity ratio,
measured at 298.15 K. This ratio can be determined using a
downstream capillary as a single capillary viscometer once
for fluid under test and once for helium. Using a single
capillary viscometer demands flow measurement.

“) R?Sz’gée is the measurement of the temperature-dependent
ratio of viscosity ratios using the two-capillary viscometer.
The R§"q5° defines as:

Rga\s7 He 7](%3;" 77(51,3" 6
7298 — gas He . (6)
0,298 0,298

3. Experimental infrastructure

s, H
Ry ()

where:

The two-capillary viscometer was designed in accordance
with the principles of viscosity measurements described in [ 14,
17]. The two-capillary viscometer principle is based on the
measurement of the pressure drop across the upstream capil-
lary, which is proportional to the viscosity at the test temper-
ature and pressure. The pressure drop over the downstream
capillary at reference conditions is approximately proportional
to the mass flow. The flow is gravimetrically calibrated with
a separate custom-made setup. The main difference compared
with previous works is the new design of the capillary con-
figurations. The new configuration employs a total of 2 x 2
coiled capillaries with different inner diameters. Another dif-
ference is that the upstream capillary is used for the viscos-
ity measurements and the downstream capillary for the flow
measurements. The new facility can conduct measurements of
viscosity and density in liquid, supercritical or gaseous states,
with design temperatures between 213.15 K and 473.15 K
and pressures up to 100 MPa. For the purpose of a detailed

description, the rig has been divided into 12 sub-sections. A
simplified schematic of the two-capillary viscometer compris-
ing sub-sections E-0O1 to E-11 is shown in figure 1.

E-01: The gas supply (pure/mixture) provides the system with
the pure or mixed gas from gas cylinders. Mixed gases with
desired purity are prepared gravimetrically in house.

E-02: The high-pressure delivery system includes a syringe
pump (PMP-1) to provide high pressure and regulate the
desired pressure at the inlet of the capillaries (P;). The pump
is connected to a buffer volume tank for faster pressurization
and stabilization of the upstream pressure and (Ps) can meas-
ure the pressure of pump and at the inlet of system controlled
by PMP-1.

E-03: A commercially available vibrating tube densimeter
integrated with the viscometer and enabling density measure-
ments at the same temperature and pressure as the viscosity
measurements.

E-04: Upstream capillary system contains viscosity capillaries
(capillary 1 and capillary 2, alternatively) at high pressure in a
thermostatic bath at the test temperature.

E-05: Downstream capillary system contains the reference
capillary (capillary 3 and capillary 4, alternatively) at refer-
ence pressure in a thermostatic bath, normally at reference
temperature.

E-06: Pressure reduction system that allows reduction of the
high pressure in the upstream capillaries to the low pressure at
reference capillary. This system includes a commercial actu-
ator valve (V-26), the shut-off valves and small capillary coils.

E-07: High pressure measurement system consisting of two
pressure transmitter arrays used to measure the input (P;) and
output (P,) of capillaries 1 and 2, covering the full pressure
range of the system.

E-08: Low pressure measurement system composed of two
pressure sensor arrays P3 and P4 used for the capillaries 3 and
4 at low pressures.

E-09: A sphere-shaped tank and a scale for mass flow measure-
ments. The methodology used to determine the fluid viscosity
depends on accurate mass flow measurement via the pressure
drop of the reference capillaries (3 and 4), which is calibrated
upstream from the reference by gravimetric means.

E-10: The outlet of reference capillaries is connected to the
vent. This system is designed to regulate pressure at outlet of
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reference capillary (capillary 3 and capillary 4, alternatively)
using a variable leak valve (V-35).

E-11: Vacuum pump integrated to the leak valve to control
pressure Pjy.

E-12 Separate vacuum system including pre-vacuum and high
vacuum pumps. Several places (E-02, E-03, E-06, E-07, E-
08) are connected to E-12 allowing for rapid evacuation of the
entire system. E-12 is not shown in figure 1.

4. Overview of apparatus design and operations

As it can be seen in figure 1 the apparatus consists of several
different parts. The following sections will discuss in detail the
functions of the main parts of the setup: (1) capillaries design
and configuration. (2) High pressure gas source. (3) Pressure
and flow control. (4) Pressure measurements. (5) Temperature
control. (6) Temperature measurement. (7) Mass flow meas-
urements. (8) Density measurement.

4.1. Capillaries design and configuration

The capillary tubes are the core components of the two-
capillary viscometer. The capillary tubes used in this work,
called Polymicro capillaries, are made of fused silica glass and
coated with polyimide outer surface for mechanical protection.
In total, four Polymicro capillaries were used in the new design
of the two-capillary viscometer with a new design of (2 x 2)
capillary configurations. The new (2 x 2) configuration means
that two pairs of capillaries are placed in sequence, i.e. two
coiled capillaries downstream of two other coiled capillaries
upstream, as illustrated in figure 2. However, during opera-
tion, only a single capillary at the upstream and a single capil-
lary at the downstream are used simultaneously. The (2 x 2)
configuration is one of the different features when compared
to the two-capillary setups in previous works. All four coiled
capillaries have the same outer diameter, of 794 um with coat-
ing, but different inner diameters. Therefore, using different
combinations of four capillaries enables the viscosity meas-
urements with a wide range of flow rates at different temper-
atures and pressures. Upstream capillaries (1 and 2) with an
inner diameter of 75 wm and 200 um are used for the vis-
cosity measurements at specified measurement conditions. In
comparison, the two downstream capillaries (3 and 4) have an
inner diameter of 250 um and 500 wm and are used for the
flow measurements at a reference temperature and pressure
(298.15 K, 0.1 MPa).

The ends of the glass capillaries had to be connected to
the rest of the setup for the fluid to enter from one end and
exit from the other. The small inner diameter of the capillar-
ies and the glass material made it challenging to fit them into
the remaining equipment. Therefore, the capillaries’ ends were
augmented by metal sleeves, as seen in figure 3(a). The metal
sleeves were glued with epoxy to the capillaries ends using a
low-vapor-pressure epoxy (EP42HT-2 from Master Bond Inc)
and connected to a T-piece, as seen in figure 3(b).

To avoid leakage in the capillary’s interconnections, as any-
where in the setup, leakage tests were performed. Leakage
tests were carried out at pressures up to 100 MPa and tem-
peratures between 293.15 K and 423.15 K. The expansion
coefficient of the metal sleeves is much higher than the glass
capillaries. To avoid the leakage from the space between the
capillary walls and metal sleeves, the gluing procedure was
improved. An extra glue layer was applied on the outer sur-
face of two edges, where the connection between capillary
and metal sleeves starts and ends as shown in figure 3(a). The
eight ends of four capillaries were glued to the metal sleeves,
fitted to a stainless-steel T-piece through the ferrule fittings.
The fluid enters or exits from the second arm of the T-piece.
The ends of capillaries attached to the metal sleeves formed a
least 10 cm straight length to direct fluid to the same height of
the T-piece. The pressures at the inlet or outlet of the capil-
lary are measured from the third arm of T-piece connected
to the pressure system. The two capillaries of each system
upstream or downstream are mounted around a stainless-steel
grid, bent into a circular shape, as seen in figure 4, because
the long capillaries were coiled several times. To secure the
capillary position, particularly at high pressures, the capillaries
were supported from abrasion by PTFE-coated thin wire to the
stainless-steel grid in several places. The metal grid has a dia-
meter of 0.5 m with a height of 0.15 m. Both metal grids (one
at the upstream and one at the downstream) with the coiled
capillaries around were horizontally mounted in a container,
named inner tanks. The inner tanks are filled with the thermo-
static fluid supplied from the thermostatic baths to control the
temperature of the capillaries. It is important to increase the
heat transfer inside the inner tank to ensure that the capillaries
reached the target temperature within the desired time frame.
Therefore, a heavy metal core was installed at the center of
the space inside the inner tank with fiber pieces surrounding
the capillaries to ensure turbulent flow resulting in higher heat
transfer. An aluminum base plate with small holes was moun-
ted horizontally to support the metal grid inside the tank and
make an even flow of thermostated fluid in the inner tank. The
temperatures of the capillaries are measured and controlled
using multiple high-precision platinum resistance thermomet-
ers (PRTs) in the baths.

4.2. High pressure gas supply and upstream pressure
control

The pure or mixed gaseous fluid is supplied from gas cylin-
ders placed in a vented cabinet located in the same room as
the viscometer. In the case of mixtures, due to the difficulty to
find gas mixtures with desired low uncertainty in composition,
mixed gases are prepared gravimetrically from CO,-Mix facil-
ity of SINTEF [25]. Although the rig can be pressurized from
the gas cylinder, the upstream pressure needs to be precisely
regulated during the measurements using a pressure gauge.
Thus, the gas cylinder is connected to a high-pressure syringe
pump with maximum 50 ml volume (TOP-industry, PMHP
model: 50-1000). The syringe pump pressurizes the system
and regulates the upstream pressure P;. A buffer tank with
a volume of 120 ml is used immediately downstream of the
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Capillary 1

Capillary 2 Capillary 4

Figure 2. Simplified schematic of (2 x 2) coiled capillaries with
the two upstream coils and two reference coils.

(b)

Figure 3. (a) Augmented end of a capillary by metal sleeves. The
circles show the areas with extra gluing on the outer surface. (b)
Capillaries end connected to a T-piece.

pump to stabilize the upstream pressure. The pressure of the
pump, Ps, is measured using a Keller pressure transmitter with
100 MPa full scale (series 33X), 0.05% expanded uncertainty
(k = 1.73). Several shut-off valves direct the fluid with the
target pressure into the upstream capillary, either capillary 1
or 2, and the densimeter. To protect the capillaries from the
particles and dust, a particle filter was installed after the buffer
tank and before the inlet of the upstream capillaries. Figure 5

i s =
- I
’ f- — |

Figure 4. Coiled capillaries around the metal grid.

shows the position of inlet and outlets of capillaries, pressure
and temperature sensors used in the rig.

4.3. Pressure and flow control

Based on the Hagen—Poiseuille equation, the viscosity of a
fluid is approximately proportional to the pressure drop of
upstream capillary (7 oc AP,,) and inversely proportional
to the flow rate () o< 1/i). The flow rate is also a function
of the pressure drop at the downstream capillary since the
downstream capillary acts as a flow meter. Therefore, one
can write that 7 o< (APyy/it) o< (APuyy/APgown). The pres-
sure drops along the upstream and downstream capillaries are
APy, =Py — P, and APyoyn = P3 — P4. The pressure drop
along the downstream capillary corresponds to a flow rate that
can be calculated through a separate calibration.

A sophisticated pressure control system was employed to
control the pressure and flow with high accuracy and stability.
Three out of four pressures need to be controlled; the pres-
sure P; at the inlet of the upstream capillary is controlled by
the high-pressure syringe pump. The novel pressure-reduction
system, E-06, regulates the pressure P; at the inlet of the
downstream capillary. The pressure at the outlet of the down-
stream capillary Py is controlled using a variable leak valve
(VAT Series 590), V-35, connected to a vacuum pump. The
crucial pressure P, at the outlet of the upstream capillary is
an unknown output and it is measured without regulation. P,
together with P provides the pressure drop APy, through the
upstream capillary for the viscosity measurements. As men-
tioned, E-06 was designed to control P3. The upstream capil-
lary operates at pressures up to 100 MPa, while the maximum
pressure at the downstream capillary is at a reference pres-
sure (usually below 0.2 MPa). No commercial control valve
was found in the market to compensate for this large span of
pressure differences and flow rates. This challenge required
a custom-made cascade system consisting of six pneumatic
shut-off valves, five small capillaries (Cap. 21-Cap.25) with
high flow resistance, and an actuated variable/control valve,
V-26, as illustrated in figure 6.

Part of the cascade system consisting of the small capillar-
ies is operated to reduce the pressure to below 40 MPa before
valve V-26. In this design, the shut-off valves (V21-V25) are
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Figure 6. A simple sketch of pressure-reduction system (E-06).

closed or opened depending on the upstream pressure and
flow. The valves direct the flow through a selection of capil-
lary coils to provide high scalability in flow resistance. The
small capillaries are similar to the capillaries used in the rig,
but with different geometric parameters. That is, the outer dia-
meters of these five capillaries are 363 pm, the inner diamet-
ers vary between 25 um and 75 pm and lengths are up to 5 m.
Hence, the high pressure at the end of the upstream capillary
is reduced to the specified value of the pressure further down
through the E-06.

The performance of valve V-26 was checked by a flow rate
change of helium for given position from fully open position
100% to fully close position 0%. A high pressure of 10 MPa
was induced upstream of valve V-26 and a desired pressure
of 0.15 MPa downstream of V-26. Figure 7 shows the flow
rate of helium when the position of the valve was set at dif-
ferent values. The outputs were recorded for at least 15 min.
The results indicate an effective operating flow range between
10% and 70% valve opening. This means that for the positions
below 10% the valve is almost fully closed and for the posi-
tions above 70%, the change in position does not change the
flow and the valve is almost fully open. The valve characteriza-
tion was crucial for the flow measurements. The valve showed
a similar trend for different upstream pressures.

For very low-pressure measurements, a different valve con-
figuration is required because V-26 operates in its fully open
position and therefore cannot regulate the flow through the
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Figure 7. Flow rate of helium at the different set value for the
position of V-26 at pressures 10 MPa upstream and 0.15 MPa
downstream of V-26.

downstream capillary. However, by opening valve V-21 in
figure 6 and using the capillary 21, V-26 can control the flow
with a lower resistance to the pressure of P3. The pressure in
E-06, is measured right before V-26, using a Keller pressure
sensor (series 35X, 0.1% expanded uncertainty) with the max-
imum pressure 40 MPa.

4.4. Pressure measurements

The pressure measurements at the inlet P; and outlet P, of
the upstream capillary are performed using arrays of pressure
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transmitters. The pressure sensors are placed in a custom-
made box with air bath. The P; array mirrors that of P,. Each
side (P; or P;) is comprised of a high precision Keller pres-
sure transmitter with 100 MPa full scale (series 33X) and
three pressure transducers manufactured by Paroscientific with
Digiquartz electronics for pressures up to 14.8 MPa, 6.9 MPa,
and 2.1 MPa. The quartz crystals inside the Paroscientific
transducers generate two square wave signals with periods
proportional to either the applied pressure or the internal tem-
perature. The Digiquartz electronics then measure and integ-
rate these signals over a specified timeframe to determine their
periods. This integration time can be set between 0.001 s and
270 s1in 0.001 s increments to adjust resolution and sensitivity.
The pressure sensors also offer a parts-per-billion resolution
with a standard uncertainty of 0.01%. The pressure sensors P;
and P, with a total of eight pressure sensors are kept in an
insulated box equipped with heating elements for the purpose
of temperature control. The desired temperature for the pres-
sure sensors depends on the critical temperature of the fluid.
For example, for CO,, 313.15 K is kept avoiding phase separa-
tion. For mixtures with other condensable components, higher
temperatures might be needed. Similar to the upstream array,
the P array mirrors that of P4 at the downstream and consists
of two pressure sensors for a maximum pressure of 6.9 MPa
and 0.21 MPa. Because the downstream capillary operates at a
maximum pressure of 0.2 MPa, there is no need for a pressure
transducer with a higher-pressure rating. The pressure sensors
at the upstream and downstream are kept in separate boxes for
better temperature control. This assortment in full-scale pres-
sures takes advantage of more precise low-pressure measure-
ments and are suitable for corrosive fluids.

The pressure transmitters are protected from excessive
pressures by automatic closing valves. In case there is a mal-
functioning of this protective system, rupture discs (pressure
safety discs) protect the pressure transmitters. Gas lines are
kept in insulated boxes or warmed by heating elements for
temperature control. As illustrated in figure 1, there are two
actuated bypass valves between the inlet and outlet of capillar-
ies connected to the pressure measurement system, one at the
upstream and one at the downstream. The bypass valves are
open before and after each measurement at a given pressure
to measure the pressure difference between the pressure read-
ings at the entry and exit pressure sensors, called bias meas-
urements. The bias measurements are recorded when there
is no flow in the capillaries and the pressure is stabilized. In
that way, the zero-point drift of the sensors due to the devi-
ations from the calibrations, temperature difference, hydro-
static pressure or other sources can be assessed. Consequently,
very accurate pressure difference measurements are possible.

4.5. Temperature control

Both dynamic and kinematic viscosities are sensitive to the
temperature deviations. To obtain accurate values for kin-
ematic viscosities, good temperature control is important to
avoid additional uncertainty during measurement. As men-
tioned, the capillaries are placed in the inner tanks immersed
in the thermostatic fluid. To ensure that the fluid reaches the

target temperature at the inlet of the capillary, the fluid first
enters into a stained steel tubing with 25 mm diameter after
1 and 3/4 turn around the metal grid to equalize the temper-
ature. Afterwards, the heated/cooled fluid enters the inlet of
the capillary. The thermostated liquids were provided from
two Julabo thermostatic circulators with different temperat-
ure ranges. The Julabo baths provided a stability of 0.02 K-
0.2 K, which was an insufficient stability compared to what
was desired. Therefore, the baths were combined with heating
elements before the thermostatic tanks.

The Julabo baths specifics: (1) Model FP89-HL is an ultra-
low refrigerated-heating circulator for the low-temperature
range of 213 K-373.15 K, with temperature stability of
40.02 K and cooling power of 0.58 kW at 213 K. Ethanol
is used below its flash point temperature. For higher temperat-
ures, water or silicone oil is used. (2) Model MA-12 is a pure
heating circulator for the higher temperature area of 293.15 K—
423.15 K with temperature stability £0.01 K and water or sil-
icon oil as working fluids. (3) For temperatures near or below
ambient temperature, the MA-12 has an integrated connection
for tap water to provide additional cooling power. The design
of temperature system required filling the upstream and down-
stream tanks and pipes with approximate 60 1 of thermostatic
fluid.

Both circulators control the temperature of the thermal
fluids independently. They measure the temperatures from
their respective containers and control them depending on
the desired value with integrated PID controllers. The tem-
perature control system includes high-temperature and low-
temperature circulators, and a cooling water circuit. Several
valves are implemented to evacuate air from the system. To
switch the thermostatic fluids, the respective pipes had to be
drained and cleaned first. The cleaning is performed manu-
ally. Therefore, the displayed valves are all manually oper-
ated. The temperature control system uses the low-temperature
circulator for a cold cycle and high-temperature circulator
for a warm cycle with its internal pumps. The circulators’
temperatures are controlled using PT100 sensors integrated
with the baths. Since internal pumps could not deliver the
necessary mass flow of 0.6 kg s~! required for the desired
thermal uniformity, external pumps were installed for each
circulator. Furthermore, electrical heaters and temperature
sensors are components of the temperature control system.
A pump and a tank for storage of the fluid are implemented
to enable drainage of the system. The electrical heaters were
used to reduce oscillations in temperature. Therefore, the two-
temperature sensors were placed after the electric heaters to
detect any temperature deviations. Because it is necessary to
cover the whole temperature range, the working fluid needs to
be exchanged occasionally. Therefore, a drainage system was
designed.

The operation of the temperature control system is split into
four different modes of operation: (1) the high-temperature
circulator controls the measurement container, and the low-
temperature circulator controls the reference container. (2)
The high-temperature circulator controls the reference con-
tainer, whereas the low-temperature circulator controls the
measurement container. (3) The high-temperature circulator
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controls both containers. (4) The low-temperature circulator
controls both containers.

All the pipes used in the temperature control system were
covered with the insulation materials (Armaflex foam insu-
lation at low and fiberglass at high temperatures). As men-
tioned earlier, the capillaries were immersed in the thermo-
static containers inside an inner tank. The inner tanks were
placed inside the vacuum insulated outer tanks. The inner
tanks were covered with two different types of insulation (ten
layers of aluminum sheets and six layers of aluminum coated
plastic).

4.6. Temperature measurements

The temperatures in the containers are measured by several
PRTs. At upstream capillary, a SPRT (25 €2 Standard PRT) for
very high accurate measurements and three PT100s are used to
investigate uniformity and stability. The SPRT and one PT100
are installed at the bottom of the inner tank and two PT100s at
the top to check the uniformity of temperature as well. Since
the downstream capillary operates at the reference temperat-
ure of 298.15 K, except for the helium calibrations, only one
SPRT at the bottom and one PT100 at the top are used. The
SPRTs were manufactured by FLUKE and are specified for a
temperature range of 13.15 K-505.15 K with a resistance of
25.5 Q at 273.15 K and a stability of 0.001 K. The PT100s are
specified from 73.15 K to 1073.15 K with a standard uncer-
tainty of 0.01 K.

4.7 Mass flow measurements

The viscosity measurements are dependent on the flow rate. In
the two-capillary viscometer, the downstream capillary oper-
ating at the reference conditions acts as a mass flow meter.
However, the flow rate requires separate calibration. For this
purpose, a custom-made gravimetric setup was designed for
the mass flow gravimetrically calibrations. An empty sphere
filled with a certain amount of fluid (maximum 4 MPa) is
connected to the downstream capillary, as shown in E-09 in
figure 1. A constant mass flow runs from a sphere into the
downstream capillary. The pressure at the inlet and outlet are
kept constant at the predetermined values and reference tem-
perature. The duration of the mass flow experiment is the time
that constant pressures are maintained and stable. The mass
flow rate is calculated by weighing the sphere with fluid con-
tent before and after the flow experiment. In order to reduce
the impact of various error sources, such as buoyancy and
non-ideal repeatability/linearity of the scale, an ABBA scheme
with a comparator is used [25, 26]. The principle depends on
comparing the object to be weighed (A) with a calibrated ref-
erence mass (B) by alternatingly placing the two objects on the
comparator.

4.8. Density measurements

A densimeter is integrated into the setup to measure the dens-
ity at the same temperature and pressures as the viscometer.

An integrated densimeter allows for the accurate conversion
between kinematic and viscosity. The density meter is a com-
mercial device, DMA HPM (oscillating tube), manufactured
by Anton Paar. The density meter conducts the density meas-
urements for a temperature range of 263.15 K—473.15 K and
pressures up to 100 MPa, which has a standard uncertainty
between 0.1 mg cm™ and 1 mg cm—3 (223.15 K with higher
uncertainty). The principle of the density measurement is to
measure the resonance frequency of the fluid-filled tube. An
oscillating tube is excited to vibrate as the sample is intro-
duced into the density meter. A mathematical conversion is
then required for the precise determination based on the cor-
responding frequency to the density of the sample [27].

5. Design parameters

5.1 Capillary specifications

The geometrical parameters of the capillaries, including the
inner radius (r) and length (L), were estimated based on the ini-
tial analysis of mass and volume flow, pressure drop, Dean and
Reynolds numbers for the design temperature range of 213 K—
473 K, and pressure range up to 100 MPa. Optimum geomet-
rical parameters were estimated based on the feasibility and
the target uncertainty of the measurements. For example, the
glass capillaries with the outer diameter of 794 pum needed a
minimum bending radius of 0.240 m. The target for relative
uncertainty in viscosity was 0.03% for CO,, except close to
the critical point. The uncertainty in the flow increases as the
diameter of the capillary is reduced due to slip on the wall [11].

The geometrical parameters were mainly estimated for CO,
and helium but can be applied to fluids with the same order of
kinematic viscosity as well. The lengths of the capillaries are
in the order of a few meters to fulfill the criteria of the hydro-
dynamic model (ratio of /L must be small enough). The long
capillaries are winded into several coils to keep them in a smal-
ler space and for easier temperature control. Table 1 presents
the optimal inner radius and length of capillaries and the num-
ber of coils.

5.2. Dean number

Coiling the capillaries results in a reduction in the molar flow
rate. In fact, curving the capillary creates a secondary trans-
verse flow. Larrain and Bonilla [28] presented a model to
determine fieqe, Which yields an uncertainty of 0.02% for flow
when De < 16, where Dean number definition can be found
in [12]. In general, geometric imperfections of the capillar-
ies cannot be characterized precisely, but they can impact the
uncertainty of the centrifugal effects on the flow. Using quartz
capillaries and operating at small Dean number decrease the
effects of variation in the radius along the length of the capil-
lary and the impact of the ellipticity on the flow. May et al [14]
used a relative error due to flatness € of an ellipse:

AP, cent
AP

~ KeDe* @)
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Table 1. Optimal number of coils and lengths for the capillaries.

Parameters Symbol Capillary 1 Capillary 2 Capillary 3 Capillary 4
Inner radius/pm r 37.5 100 125 250
Number of coils around grid N 8.5 7.5 4.5 5.5
Capillary length/m L 13.22 11.67 7.00 8.56

Coil curvature radius/m Reurve 0.25 0.25 0.25 0.25
Capillary impedance/pm 3 Z 34.059 0.594 0.146 0.011

The uncertainties of 12 pum and £6 pm (except =3 pum for capillary 1) were reported by the manufacturer for the outer diameter and inner diameter of

capillaries, respectively. The uncertainties of lengths are £0.010 m.

where K is a ‘constant given by the theory’ [14]. The presence
of unavoidable eccentricity errors leads to a maximum in the
allowable Dean number:

=

%)
AP max) (8)

Demax ~ ( (
Ke

Berg [12] estimated the flatness of ¢ = 0.01, which gives
K =3 x 10~°. With a target error contribution of 0.03% uncer-
tainty in this work as well, we have:

1 1
! 100 \ *
Demax ~ < > = (001) =10.

In practice, smaller ellipticity errors thane = 0.01 is expec-
ted for the glass capillaries used in this work [12].

3-1073

= 9
3-107% ®)

5.3. Reynolds number

Reynolds number is a local quantity and depends on the loc-
ations z along the capillary. The Reynolds number must be
determined to characterize the flow regime. Three correc-
tion factors Ken, Kexp and Kipermar and the Dean number
are dependent on the Reynolds number [12]. As discussed in
table 1, the coil radius is 0.25 m, and the minimum inner capil-
lary radius is 75 pm. Hence, the maximum Reynolds number
yields:

Remax = Demax V Reurve / T'min

Repay = 101/0.25/ (75 x 10-) = 577

(10)

The maximum Reynolds number gives that the flow will
always be in the laminar flow regime (Re. = 2300) if the
requirement of De < 10 is fulfilled.

5.4. Other design considerations

The gradients in pressure, temperature and compositions of
the fluid cause a change in the density of the fluid at differ-
ent positions in the system. The height difference between
pressure transducers at the inlet and outlet of the capil-
laries causes a gradient in pressure (bias) in the measure-
ments due to the hydrostatic pressures. In theory, this error
is detected or compensated for by the bias measurement
between pressure sensors. Therefore, all pressure sensors
were placed at the same height of inlet and outlet capillar-

ies to obtain accurate measurements. The pipes from and to
the tanks and pressure sensors were also kept at the same
level.

Composition gradients in fluid mixtures could be signific-
ant. To avoid phase transitions all tubing is heated using the
heating elements. Another solution is to perform the meas-
urements in a suitable sequence (depends on the cricondenbar
and cricondenterm, the maximum pressure and temperature,
respectively, that vapor and liquid can coexist) to ensure that
one stays outside the phase envelope. In general, such phase
transitions are complex phenomena that could lead to vari-
ations in composition. Due to the very long length of capil-
laries compared with the diameter, the system is operating at
steady state flow and the impact on the viscosity measure-
ments is small. To reduce the impact of gradients in pressure
and composition in the pressure measurement lines, the tem-
perature of the E-07 is increased far above the critical tem-
perature of CO,. However, this may affect the temperature
and pressure sensors stability and performance. The density
gradients caused by temperature variations could affect the
uncertainty of the measurements. For pure CO,, temperature
variation effects are much smaller than for various mixture
compositions.

6. Results and discussion

6.1 Optimum flow rate

An optimum flow rate is necessary for accurate measure-
ments. The main constraints on the flow rate comprised of: (i)
the maximum flow is limited to the threshold of the laminar
region, (ii) significant variations in fluid properties along the
capillary must be avoided, (iii) high flow, and thus a large pres-
sure drop, leads to an increasing impact of non-linearities in
the viscosity and density of the fluid as a function of pressure,
(iv) the maximum flow rate is limited by the Dean number (v)
the minimum flow rate increases the uncertainty of the pres-
sure measurements. Therefore, to estimate an optimum flow
rate, the capillaries’ geometry design parameters were care-
fully estimated for helium and CO,. In this work, capillary
2 with an inner diameter of 200 um at upstream and capil-
lary 4 with an inner diameter of 500 pm at downstream were
used. Different pressure drops/flow rates for helium as refer-
ence fluid were evaluated. In all cases, the average pressure
at the downstream capillary was 0.1 MPa. The experiments
showed that getting a stable pressure drop above 0.09 MPa
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Table 2. The results of valve positions when different pressure drops tested in the downstream capillary where Tief = 298.15 K. The

upstream pressure P; was set at 3.5 MPa.

P3/MPa P4 set/MPa Actual P4/MPa V-26 V-35 Zdown /Zv3s Feasibility

0.190 0.010 0.062 80% 80% 8.61 NP?

0.180 0.020 0.059 74% 80% 8.388 NP

0.170 0.030 0.056 73% 80% 8.245 NP

0.160 0.040 0.054 70% 80% 7.986 NP

0.150 0.050 0.051 66% 80% 7.920 NP

0.145 0.055 0.055 64% 67% 6.150 Possible

0.135 0.065 0.065 60% 66% 3.393 Possible

0.115 0.085 0.085 55% 65% 0.841 Possible

2 Not possible.

Table 3. Mass flow calibration results.

Flow Fluid P3;/MPa P4/ MPa (P3—P4)/MPa Duration/h Mass difference/g Mass flow rate/pg/s
High flow He 0.145 0.055 0.090 3.06 1.3900 126.344

CO, 0.135 0.065 0.070 3.73 19.1019 1424.027
Low flow He 0.115 0.085 0.030 14.72 2.2260 41.944

CO, 0.115 0.085 0.030 10.09 22.6776 615.552
was not feasible, as shown in table 2. Because at these con- 0.1
ditions, the leak valve (V-35) operated in its fully open posi- *
tion (80%) and could not regulate the flow through the down- 0.08 1 I/
stream capillary. An impedance ratio Z= 16L/mr* between ! -
the downstream capillary and the leak valve, connected to the %‘1‘ 0.06 4 ! e
vent (Pyen), is defined as: = / e

Q" 0.04 o | -
< / -~
_ ° X
(P3— P4)1f3,4 _ Zaown an 0.02 /,’ e
(P4 — Pyent) Pavent  Zvss i -
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The results show that the maximum impedance ratio
resistance of 6.15 is corresponding to a pressure drop of
(P3— P4) = 0.09 MPa for helium.

6.2. Flow rate results

The downstream capillary was calibrated for the flow measure-
ments. Table 3 summarizes the results of two different mass
flow (high and low) calibrations for each fluid: helium and
CO,. The consistency between the mass flow measurement
results was checked by repeating ten measurements for helium
and resulting in a standard uncertainty of 0.06 ug s~! the low
flow. The repeatability was the main contribution to the uncer-
tainty of the flow measurements. Finally, the relative combined
uncertainties of 0.14% and 0.02% for helium and CO;, respect-
ively, were achieved. The low molecular weight of helium
contributes to a proportionally higher uncertainty during the
weighting and higher diffusivity of helium leads to elevated
mass loss due to leakage.

In figure 8, the pressure drops of (P3; — P4) were plotted
over the mass flow rate. An auxiliary data point at zero was
considered with this assumption that that the pressure drop is
equal to zero when there is no flow through the capillary. The
hydrodynamic model describes the flow well since the pres-
sure drop and the mass flow rat, including correction factors

Mass flow rate / pg/s

Figure 8. The pressure drop along the downstream capillary as a
function of flow rate. The correction factors are included in the
results. The marked data points are experimental data; helium (blue)
and CO; (red). The dashed lines correspond to a linear fit.

explained in the next section, are linearly related, as shown in
figure 8.

6.3. Relative size of the corrections

Table 4 presents the correction coefficients used to determine
the flow in equation (3) and effect of correction terms on the
flows of 10.49 umol s~! helium and 13.99 umol s~! CO, at
T =298.15 K and 133’4 = 0.1 MPa. The large correction terms
arose due to the departures from the ideal gas behavior and the
slip corrections for CO, and helium, respectively. The results
for the flow of helium are consistent with the corrections for
flow of 10 umol s~! of helium measured by Berg [12].

6.4. Reference viscosity ratio

The viscosity of CO, in the limit of zero density and the

temperature of 298.15 K, 7732;8_15 = 14.915 pPa-s with the
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Table 4. The correction coefficients used in this work and the effect of correction terms on the flows of 10.49 pmol s~! helium and

13.99 pumol s~ COy at T =298.15 K and P3,4 = 0.1 MPa.

Coefficient K Correction term % of n

CO, Helium CO, Helium CO, Helium
Qirial — — 0.005 10 —0.000 66 0.51 —0.07
Slip 1.03 1.18 0.000 80 0.004 17 0.08 0.42
Entrance —1.14 —1.14 —0.000 22 —0.000 01 —0.02 —0.001
Expansion | 1 —0.000 15 —0.000 01 —0.01 —0.001
Thermal —-0.22 —0.32 0.000 01 0.000 001 0.001 0.0001
Centrifugal — — 0.999 96 1.000 00 —0.004 0.000

Table 5. Re-evaluated reference value, 77((;%8.1 5 in the limit of zero
density.

Re-evaluated value

Original reference T/K by [30]/uPa-s
Vogel and Barkow [32] 297.93 14.881 (10)
Hendl et al [32] 298.48 14.908 (3)
Schifer et al [31] 298.152 14.888 (4)

estimated standard uncertainty of +0.1%, reported by Kestin
et al [29]. However, Vogel [30] in 2016 evaluated the repor-
ted reference value 175258.15 = 19.861 pPa-s for helium by
the same work, which differed from high accurate reference
value for helium 7o s = 19.8253 pPa-s, calculated by
Cencek et al [13] with an uncertainty less than 0.001%. The
result of 0.18% difference in the viscosity of helium ques-
tioned the validity of the reference value estimated by Kestin.
Vogel [30] re-evaluated the reliable experimental viscosity
data of dilute CO, measured by Schifer et al [31] with a
Taylor series based on temperature as the measurements had
been performed in variable temperatures. The reference value
775 (2)58_1 s = 14.888 pPa-s was achieved after extrapolation of
the re-evaluated data in the range of 0.1 MPa—0.6 MPa with the
uncertainty of 0.2%, expressed by a first-order series expan-
sion in density. In addition, the viscosity data measure by [32,
33] were re-calibrated using the new reference value. The tem-
perature and density dependencies of the viscosity of CO,
were also considered in the re-evaluation since the measured
points were not performed at 298.15 K and not at zero density
[30]. Table 5 summarizes the results of re-evaluated reference
value.

However, the linear extrapolation of experimental data by
Schifer [31] performed by Vogel [30] is questionable. Since
the data show a polynomial trend, n& 02298_1 s = 14.900 pPa-s
from a second-order polynomial extrapolation was estimated
in this work, agreed with the other existing data.

Furthermore, Hellmann [33] determined the reference vis-
cosity of CO, using a four-dimensional intermolecular poten-
tial energy surface for two rigid CO, molecules determined
from quantum-chemical ab initio calculations. The scaled the-
oretical value (by a factor of 1.0055), 7]& %zef =14.905 pPa-s. A
standard uncertainty of 0.2%, between 300 K and 700 K, and
up to 0.55%, between 150 K and 2000 K. In 2017, a reference
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Figure 9. Deviations of various measurements from ab initio
calculations of the viscosity of CO; at zero density. The baseline is
the data from ab initio calculations [13, 33].

correlation [34] for the viscosity of CO, was developed based
on compiling of comprehensive database of experimental and
computed data. In the new correlation, a developed expres-
sion for the temperature dependence of 7 (T) in the limit
of zero density was employed. The expression of reference
viscosity is based on the calculated ab initio by Hellmann
[33] and is independent of the size, shape, charge distribu-
tion, and polarizability of a molecule, the length, and energy
scaling parameters used in the kinetic theory. The expression
is a scaled correlation with the seven adjustable parameters
to match the calculated ab initio results with values derived
from the most accurate experimental data. An uncertainty of
0.2% between 300 K and 700 K and 1% at between 150 K
and 2000 K for 77&%ef = 14.905 pPa-s was estimated. In this

work, the reference value ratio (77525&1 s/ 7751’398.15) = 0.7524
was measured. To compare the result of this work with the
previous works, the viscosity of CO,, 77&(2)58_ |5» Was taken from
available literature data and the reference viscosity value for

helium 77(1;{398‘15 = 19.8253 pPa-s was used to calculate the

reference value ratio (ng%ef /165 ). The calculated ab initio

data for both CO; and helium were used as baseline. Figure 9
shows a positive relative deviation of less than 0.05% for the
measured value of this work from the baseline. The deviation
of the results of this work is the results of the high uncer-
tainty of flow measurements for helium, but still comparable
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to the uncertainty of ab initio calculations and uncertainty of
the experimental data.

7. Conclusions

A two-capillary viscometer has been designed and built for
measurements of viscosity of CO;-rich mixtures relevant
for CO, transport and storage. This article focuses on the
construction of the facility and the processes for its opera-
tion, which could help other groups to construct a similar
instrument. The viscometer enables to cover a wide range of
between 213 K-473 K in temperature and up to 100 MPa in
pressure. The crucial parameters such as length and radius of
capillaries and coil curvature radius were estimated based on a
target uncertainty of 0.03% in viscosity. Uncertainty analysis
needed for the estimation of the measurement viscosity is also
thoroughly described and the main contributions to the uncer-
tainty of temperature, pressure, pressure drop, flow calibra-
tions and leakage are identified. Two different flow rates were
characterized for an average pressure of 0.1 MPa at down-
stream capillary based on the best performance of impedance
of valves to control inlet and outlet pressures. The relative
combined uncertainties of 0.14% and 0.02% for mass flow cal-
ibrations of helium and CO,, respectively, dominate the other
contributions to the uncertainty. The reference viscosity ratio
(77&(2);8_15 / 77(1;[7398.1 5 ) was investigated in this work to validate
the performance of the apparatus for the flow measurement.
The observed deviation less than 0.03% is consistent with
the data from accurate values calculated using ab initio. This
value is also very close to the target uncertainty of this work.
However, for the viscosity measurements at high pressures, it
is expected that the uncertainty arises from the pressure drop
will have a significant contribution budget. This requires fur-
ther investigation at high pressures viscosity measurements.
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