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Characterization
of Nonequilibrium Condensation
of Supercritical Carbon Dioxide
in a de Laval Nozzle
Carbon capture and storage could significantly reduce carbon dioxide (CO2) emissions.
One of the major limitations of this technology is the energy penalty for the compression
of CO2 to supercritical conditions. To reduce the power requirements, supercritical car-
bon dioxide compressors must operate near saturation where phase change effects are
important. Nonequilibrium condensation can occur at the leading edge of the compres-
sor, causing performance and stability issues. The characterization of the fluid at these
conditions is vital to enable advanced compressor designs at enhanced efficiency levels
but the analysis is challenging due to the lack of data on metastable fluid properties. In
this paper, we assess the behavior and nucleation characteristics of high-pressure sub-
cooled CO2 during the expansion in a de Laval nozzle. The assessment is conducted with
numerical calculations and corroborated by experimental measurements. The Wilson line
is determined via optical measurements in the range of 41–82 bar. The state of the meta-
stable fluid is characterized through pressure and density measurements, with the latter
obtained in a first-of-its-kind laser interferometry setup. The inlet conditions of the nozzle
are moved close to the critical point to allow for reduced margins to condensation. The
analysis suggests that direct extrapolation using the Span and Wagner equation of state
(S–W EOS) model yields results within 2% of the experimental data. The results are
applied to define inlet conditions for a supercritical carbon dioxide compressor. Full-
scale compressor experiments demonstrate that the reduced inlet temperature can
decrease the shaft power input by 16%. [DOI: 10.1115/1.4038082]

Introduction

To enable economically viable large-scale carbon capture and
storage, advanced fluid machinery compatible with supercritical
fluids and operating at improved efficiency levels are necessary.
The high pressures and multiphase flow in these compressors
yield major fluid machinery design challenges, which are the
focus of the present paper.

The carbon dioxide (CO2) is compressed to supercritical condi-
tions in multistage centrifugal machines such as the one illustrated
in Fig. 1, where the compressor block inlet conditions are marked
by the red dot on the temperature entropy (T–S) diagram. To
reduce power requirements, these compressors need to be oper-
ated at reduced temperatures and near saturation where phase
change effects are important. The overspeed near the leading edge
of the compressor can cause the local static pressure and tempera-
ture to drop below saturation, as indicated in Fig. 2 (top) where
the saturating region is marked in white. The fluid at supercritical
conditions (point A) expands isentropically reaching saturation
(point B). Condensation in high-speed fluids does not occur
instantaneously when saturation is reached. Saturated fluid sub-
jected to an isentropic expansion becomes supersaturated before
condensation begins; during rapid cooling, the fluid enters meta-
stable state and behaves like a gas until the Wilson line, which is
the point of highest supercooling, is reached and nucleation begins
in the bulk flow [1] (point C). Figure 2 (bottom) illustrates the pro-
cess on a pressure–temperature diagram. Condensation is often
associated with increased losses and erosion of the compressor
blades, so that to avoid nucleation it is common practice in

industry to operate the machine at temperatures higher than ambi-
ent, as schematically indicated in Fig. 1. This increases the power
requirements of the machine. The characterization of the conden-
sation process could enable the selection of improved compressor
operating conditions, reducing the power required for carbon cap-
ture and storage. However, such characterization requires the
knowledge of the fluid at metastable conditions. Multiphase flow
analysis of supercritical CO2 compressors is challenging due to
the lack of experimental data on the metastable state.

Fig. 1 Temperature–entropy diagram illustrating compression
of CO2 for carbon capture and sequestration (CCS). Centrifugal
compressors. The state of the fluid at the inlet of the last block
is supercritical and close to saturation. (Figure courtesy of Mit-
subishi Heavy Industries.)
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Phase change in turbomachinery has received significant
attention due to its relevance for steam turbines and pumps for
propulsion and power generation applications. A significant
amount of condensation is found in low-pressure turbine stages,
leading to additional losses and condensation shocks. Vapor bub-
ble formation, so called cavitation, has been studied extensively in
the past due to its deleterious effects on the performance and
stability of pumps. The formation of vapor bubbles, also called
cavities, contributes to blockage, which can lead to a drop in head
rise coefficient and instability such as cavitation surge. In com-
pressors, phase change is uncommon and information on the
impact of condensation on compressor performance and stability
are scarce in the literature. More specifically, there is a lack of
experimental data for compressors operating with supercritical
fluids at high pressure. Wright et al. [2] reported potential conden-
sation at the inlet of a compressor for a supercritical carbon diox-
ide power cycle system. Although the state of the fluid was in the
two-phase region, the authors did not report any performance
issue. Pecnik et al. [3] conducted numerical calculations of the
flow in the same compressor and reported pressure and tempera-
ture below the saturation level at the leading edge of the machine,
but did not assess the impact on compressor efficiency or stability.
The work by Gyarmathy [1] indicates three sources of losses asso-
ciated with phase change in turbomachinery: kinematic relaxation
loss due to increased friction and shear in the second phase, break-
ing loss due to the liquid droplets impinging on rotating surfaces,
and thermodynamic wetness loss due to release of latent heat of
condensation. In steam turbines, the latter usually accounts for
about 45% of the overall loss due to phase change.

As fluid property measurements in rotating machines are chal-
lenging, converging–diverging nozzles are often the method
of choice for the characterization of states in multiphase flows.
Gyarmathy [1], Schnerr [4], Ryzhov [5], Guha [6], Duff [7],
Nakagawa et al. [8], and Bier et al. [9,10] investigated the rapid
expansion of several fluids in nozzles, including CO2. Expansion
rates of 1 �C/ls are common in turbomachinery applications and
can be reproduced in converging–diverging nozzles. The work
by Schnerr [4] looked at the high-speed condensation of steam
with subcooling as much as 40 K and nucleation rates of
�1022–1025 m�3 s�1. Gyarmathy [1], Bier et al. [9,10], and Duff
[7] determined the onset of condensation with static pressure
measurements. Yazdani et al. [11] conducted multiphase CO2 cal-
culations in converging diverging nozzles. The study validated the
numerical methodology with the experimental data by Nakagawa
et al. [7], assessing the phase change of CO2 in the supersonic
regime only. The metastable CO2 properties have not been
characterized before and the definition of a suitable equation of
state (EOS) model remains a long-standing challenge. Bier et al.
[9,10] determined the Wilson line for CO2 up to pressures as high
as 90% of the critical pressure and for two different nozzle expan-
sion rates. The Wilson line was defined as the point where the dif-
ference between the measured pressure and the pressure
calculated with an isentropic one-dimensional (1D) model dif-
fered significantly. More specifically, the temperature at the Wil-
son line was calculated using the EOS model by Bender [12]
using the measured pressure and assuming isentropic flow. This
procedure relied on the accuracy of the EOS in characterizing the
metastable fluid properties, which was not known a priori. The
EOS model by Bender [12] was developed originally for oxygen,
nitrogen, and argon mixtures and might be inaccurate for metasta-
ble carbon dioxide near the critical point. Furthermore, the accu-
racy of the condensation point depends on the resolution of the
pressure measurements along the nozzle wall and related pressure
jump due to the latent heat of condensation. While the former is
fixed and depends on the experimental procedure, the latter is
reduced as the fluid state approaches the critical point. Finally, the
isentropic assumption might fail in the proximity of the critical
point due to the increased heat capacity of the fluid and improved
heat transfer, making the nozzle nonadiabatic. It is conjectured
that optical measurements might be needed to accurately assess
the location of the Wilson line. Furthermore, optical measure-
ments could help determine an additional fluid property.

Based on the above, the following research questions are
addressed. (i) How well do the state-of-the-art EOS models
characterize metastable state? (ii) What is the subcooling at the
Wilson line? (iii) Can optical measurements be used to fully char-
acterize the condensation onset in high-speed carbon dioxide
flow? (iv) How close to the two-phase region can supercritical
CO2 compressors operate so as to minimize power requirements
while avoiding condensation?

The National Institute for Standards and Technology (NIST)
Reference Fluid Thermodynamic and Transport Properties
Database (REFPROP) [13] uses the Span and Wagner model to
calculate equilibrium properties as well as metastable vapor and
liquid properties. However, the metastable properties have no
experimental foundation as they are based on equilibrium meas-
urements. In this paper, we verify the REFPROP extrapolation
into the metastable region using interferometric measurements of
density, coupled with pressure measurements along the nozzle.
Interferometry is preferred over Schlieren and background
oriented Schlieren and can provide quantitative density measure-
ments, which are relatively insensitive to noise and vibrations. To
the authors’ knowledge, this is the first time that density measure-
ments of CO2 in the metastable region and near the critical point
are reported. Lamanna et al. [14] used laser interferometry to mea-
sure the density of water vapor through condensation shocks in
the diverging section of a converging–diverging nozzle. Standard
interferometric experiments were carried out at low density and
pressures using nitrogen as a carrier gas for condensing water

Fig. 2 Isocontours of normalized pressure (top) from numeri-
cal calculations and corresponding fluid state in a pressure/
temperature diagram (bottom). The isentropic expansion near
the compressor leading edge takes the CO2 from supercritical
state into the metastable region where nonequilibrium conden-
sation might occur.
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droplets. Density and condensation shock location measurements
were conducted by Duff [7] using Schlieren visualization in sub-
critical CO2. While the working pressures of 10 bar were signifi-
cantly higher than those in Lamanna et al. [14], the supercritical
CO2 experiments discussed here are at pressures yet one order of
magnitude greater than in any other work using interferometry
techniques. This imposes a significant challenge because the large
density changes near the critical point require high resolution in
the optical measurements. Knowledge of metastable properties
and condensation onset enable reduced inlet temperatures in
supercritical CO2 compressor and can minimize power require-
ments while avoiding condensation. Shaft power reductions as
large as 15 to 20% are estimated, making large-scale CCS eco-
nomically viable.

Scope of Paper

This paper experimentally and numerically characterizes the
condensation of carbon dioxide during rapid expansion in a
converging–diverging nozzle. More specifically, the objectives
are to: (i) determine the accuracy of the state-of-the-art equation
of state models in the metastable fluid region, (ii) assess the
amount of subcooling during fast adiabatic expansions of satu-
rated carbon dioxide before nucleation establishes phase equilib-
rium (Wilson line), and (iii) define guidelines for operation of a
supercritical CO2 compressor without condensation.

A laboratory-scale blowdown test rig with an instrumented
converging–diverging nozzle is used as a surrogate for the flow
conditions around the leading edge of a typical supercritical CO2

compressor blade. Optical access to the nozzle test section is
provided through high-pressure rated fused silica windows, and
the onset of condensation is assessed with high-speed optical
measurements at different inlet flow conditions. Nonequilibrium
condensation is observed and the Wilson line is determined. The
metastable CO2 properties are determined through simultaneous
pressure and density measurements. Numerical calculations are
conducted to assess the applicability and limitations of direct
extrapolation of the NIST Span and Wagner equation of state
(S–W EOS) model into the metastable region.

Density measurements using the interferometer are compared
with results from the calculations to assess the validity of these
approaches at operating points near the critical point. Agreement
within 0.1% of the predicted values of pressure and density in the
converging part of the nozzle and the metastable region suggest
that the Span and Wagner EOS model can adequately model met-
astable fluid properties. However, this agreement deteriorates at
high pressure and near the critical point where up to 2% discrep-
ancy is observed. The Wilson line is characterized for tempera-
tures in the range of 263–295 K and pressures in the range of
26–65 bar approaching the critical point. The definition of the
Wilson line allows to determine compressor inlet conditions for
operation without condensation. These inlet conditions are used
for a full-scale supercritical carbon dioxide compressor, leading to
a reduction of the power requirements of 16%, while showing no
sign of performance degradation due to condensation.

Technical Approach

Numerical Methodology. The commercial solver ANSYS CFX

17.1 is used for the calculations of the two-phase flow in the noz-
zle. A detailed description of the numerical methodology can be
found in Ref. [15]. The computational approach is based on a
finite volume method using an implicit, compressible formulation
with a second-order spatial discretization. Due to Reynolds num-
bers of order 107, Reynolds-averaged Navier–Stokes calculations
are performed and the governing equations are closed through the
two-equation k–x shear stress transport turbulence model by
Menter [16]. Careful grid refinements were needed to capture the
boundary layer at high Reynolds number, and for all calculations,
the yþ is close to 1, except in regions with large overspeed, such

as near the leading edge of the compressor, where it can reach val-
ues as high as 15–20. This is within the limits of validity of the
turbulence model as specified by the ANSYS CFX solver guide.
The NIST Span and Wagner (S–W) equation of state model,
defined by Reference Fluid Thermodynamic and Transport Prop-
erties Database [13], is incorporated in the computational fluid
dynamics solver in the form of lookup tables [15], also called real
gas properties tables. The implementation has been tested and
validated through a systematic refinement of the tables and com-
pared with experimental data in a converging diverging nozzle.
The analysis indicated that in the pressure range between 67 and
95 bar and temperature range of 250–325 K, there was no appreci-
able difference in derived thermo-physical properties if the table
entries were resolved within 0.1 K in temperature and 0.1 bar in
pressure.

Two-phase calculations are conducted using a user-defined
model for droplet nucleation in CFX. The flow solver uses a two-
phase, one-fluid formulation where the dispersed phase is treated
through extra equations for the transport of the liquid droplet mass
fraction and diameter. The onset of nucleation is defined through
classical nucleation theory under the assumptions of nonequili-
brium, homogeneous condensation. The nucleation rate is defined
by

J ¼
ffiffiffiffiffiffiffiffiffi
2r
pm3

r
q2

v

ql

" #
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DG�
kTð Þ (1)
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DG� ¼ 4

3
pr�2r (2)

and

r� ¼ 2r
ql g pv;Tð Þ � g ps;Tð Þ½ � (3)

where r is the surface tension, r is the droplet radius, q is the den-
sity, m is the molar mass, k is the Boltzmann constant, T is the
temperature, g is the Gibbs free energy, and the subscripts v, l,
and s refer to the vapor, liquid, and subcooled phases, respec-
tively. The surface tension is defined by a second-order polyno-
mial from the NIST REFPROP values. To model nonequilibrium
condensation, the Gibbs free energy is computed from metastable
properties based on the built-in REFPROP formulation, which
simply extends the SW EOS past saturation. This is illustrated in
Fig. 3 using enthalpy as an example.

Experimental Blowdown Test Rig, Instrumentation, and
Measurements. The experimental test apparatus consists of a
blowdown test rig. A high-pressure charge tank is connected to a
fast acting valve, which directs the flow into a nozzle test section.
A simplified schematic of the blowdown test rig is given in Fig. 4
and more detailed information can be found in Paxson [17].
Liquid CO2 is pumped from a storage dewar into a high-pressure
heated charge tank, where it is brought to the desired stagnation
conditions. The nozzle test section is instrumented with pressure
transducers and yields optical access through two fused silica
(quartz) high-pressure rated windows. A rectangular cross section
is chosen to achieve two-dimensional flow conditions and to sim-
plify the optical flow analysis. This arrangement is illustrated in
Fig. 5. Three-dimensional computational fluid dynamics computa-
tions of the nozzle geometry confirmed the two-dimensionality of
the flow, showing a maximum spanwise boundary layer thickness
of approximately 3% of the channel height at typical operating
conditions as shown in Fig. 6. This is further corroborated by the
experimental interferometric measurements, which show the
boundary layer through a slight deflection of the fringe pattern, as
also shown in Fig. 6. The experimentally observed thickness of
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the boundary layer is in agreement with that of the calculations.
The numerical calculations indicate 3% change in total pressure
due to the boundary layer in the spanwise direction, suggesting
that the boundary layer has negligible effect on the interferometric
measurements and hence the measured density. The exposure
time for the images was 1/8000 s. If there had been a significant
boundary layer turbulence in the flow, it would have resulted in a
loss in correlation of the images. This was not observed. If any
boundary layer effect would have been observed, the laser could
have been triggered to provide a shorter exposure time. This pro-
cedure proved unnecessary.

The CO2 is then collected in a dump tank. The charge tank stag-
nation conditions can be set up to 236 bar and 400 K. The typical
duration of a blowdown test is 1 s, and the total conditions change
at up to 3% per second over a nominally 1 s blowdown. The
through flow time is 10�4 s, with a minimum of 10,000 flow
through times per test. The reduced frequency associated with
each test is much less than unity, indicating that unsteady effects
are small and the flow is quasi-steady.

The testing of several nozzles with different expansion rates is
facilitated by divorcing the structural requirements of the test sec-
tion from the nozzle geometry. A stainless steel structure (shown
in green in Fig. 5) retains the windows and provides structural
integrity in the high pressure environment. The nozzle inserts are
made of aluminum and bolted into the main body. This allows
investigating different nozzle geometries and varying the location
and resolution of the pressure measurements. The throat height is
selected to minimize the mass flow rate and maximize the blow-
down time without a significant change in stagnation conditions
of the charge tank. The test section arrangement accommodates
33 pressure transducer ports. In the present study, 13 pressure
transducers were used and the analysis is focused on only one noz-
zle geometry. The nozzle length is 0.155 m and the throat area is
20 mm2. The outlet to throat and the inlet to throat area ratios are
1.3 and 4.1, respectively. The charge tank volume is 400 liters.

Shearing interferometry shown in Fig. 7 is used to measure the
density gradient of the supercritical CO2 in the de Laval nozzle.
Large density gradients associated with the isentropic expansion
of the fluid near the critical point lead to new challenges in image
analysis. Standard interferometry techniques determine density
based on the refractive index of the medium through interference
of two laser beams. The spacing between interference fringes
decreases with the density gradient, and would require up to 200
pixels per mm in the case of supercritical CO2. A high-resolution
CCD camera of �100 MP would therefore be needed to capture
the raw images of the region of interest. In the present work, we
directly measure density gradient instead of absolute density using
a shearing interferometer. This enables the use of a standard high-
resolution CCD camera (16 MP). The shearing interferometer
technique is also vibration tolerant and yields more robust meas-
urements with respect to optical defects than a conventional
Mach–Zehnder interferometer [18].

A shearing interferometer is a common path interferometer
where a single beam is split into two overlapping beams after
passing through the test section. A 50 mW diode laser with a
wavelength of 671 nm and coherence larger than 1 m (1) passes
through a beam expander (2) and a collimating lens (3). The gen-
erated beam passes through the nozzle test section, experiencing a
phase lag as well as an angular deflection caused by density
changes within the fluid. A system of beam splitters and mirrors
(4–7) divide the beam in two identical beams, which are then
combined with spatial displacement. By changing the position of

Fig. 3 Temperature–pressure diagram illustrating NIST
REFPROP table extrapolation for enthalpy. Top: equilibrium
Span and Wagner EOS bottom: extrapolated metastable Span
and Wagner EOS.

Fig. 4 Schematic of blowdown test facility
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one of the beam splitters, the spatial shift between the beams can
be adjusted.

The interference between the beams creates a fringe pattern,
which is a measurement of the change in refractive index and,
through the Lorentz–Lorentz equation, relates to the fluid density
gradient. In particular, the fringe pattern is focused onto the CCD
chip of a digital camera. The so-called carrier fringe pattern is
created by applying a rotation about the vertical axis to one of the
mirrors. During an experimental run, the amount of spatial dis-
placement between the two beams compares the different optical
paths through the flow as a phase shift, which adds or subtracts to
the carrier fringe pattern. This spatial shift or the change in phase
enables the shearing interferometer to perform a Fourier-based
phase unwrapping approach and extract refractive index data [19].

The software also has the capability to process images of greater
than 45 Mbytes contagiously, providing a global instantaneous,
quantitative density mapping of the high pressure gas flow [20].
This ultimately allows to quantitatively measure the density gradi-
ent within the flow. To determine the actual density, the density
gradient is integrated from the known value at the nozzle inlet.
The latter is determined under the assumption of adiabatic, isen-
tropic flow by using conservation of mass and energy. The state of
the fluid in the tank is defined by direct density, temperature, and
pressure measurements. Starting with the tank measurements, the
density at nozzle inlet is calculated iteratively combining the pres-
sure measurements along the nozzle and using continuity and
isentropic flow relations. Ahead of each run, the density in the
tank is measured via load cells, determining the CO2 mass and

Fig. 5 Schematic of blowdown test facility

Fig. 6 Computed normalized total pressure distribution at throat of nozzle test section (bot-
tom) showing thin boundary layer thickness and nearly 1D flow. Contour lines indicate 3%
change in spanwise total pressure. Experimental interferometric measurements (top) con-
firm thin boundary layer.
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knowing the tank volume. This measurement is further refined via
total pressure and temperature measurements in the tank using a
pressure transducer, several thermocouples, and the Span and
Wagner equation of state model. With three available thermody-
namic properties, and only two needed to define the state of the
fluid, a sensitivity analysis was conducted to determine the mea-
surement error in the tank total conditions. The temperature is
measured with KqXL-116 U-12 sensors, which yield 0.25 K
uncertainty. Pressure is measured with PX409-2.5KGV pressure
sensors with 0.1 bar uncertainty. The mass of CO2 is measured
using LC501-2K load cells with 1.2 kg uncertainty. At conditions
directly above the critical point (T¼ 309.77 K, p¼ 87.7 bar, and
q¼ 605 kg/m3), the estimated errors are 1% in pressure determi-
nation if q–T are used, 0.12% in temperature measurement if q–p
are used, and 2.2% in density measurements if T–p are used. This
analysis is extended at all conditions for the tests shown in this
paper. Above and below a reduced entropy of 1.16, q–p and T–p,
respectively yield the lowest uncertainty in calculated entropy,
while q–T produced higher uncertainty than one of the other pairs
at all points. The corresponding error in calculating entropy of the
tank is estimated to be within 0.3%, yielding an uncertainty of
the entropy at the inlet of the nozzle of 1.3%. Further details of
the interferometry technique, uncertainty measurements, and
setup can be found in Paxson et al. [21] and Paxson [17].

Assessment of Wilson Line and Metastable Fluid

Properties

The “Wilson line” is a property of the condensing vapor and
strongly depends on the rate at which the expansion occurs.
Higher expansion rates lead to a larger penetration into the meta-
stable region, ultimately shifting the Wilson line toward regions
of higher subcooling. de Laval nozzles are a convenient means for
studying these processes, because the time rate of the expansion
and nucleation process can be varied by using nozzles of different
lengths while keeping the pressure ratio the same. Similarly, the
geometric expansion rate can be held constant while the inlet total

pressure is moved closer to the critical point. This leads to deeper
excursions into the metastable region and allows determine the
location of the Wilson line. In the present paper, we will focus on
the latter, while ongoing and future work will consider different
nozzle geometries. As such, the temperature at the inlet of the
nozzle is held constant at 315 K and the total pressure in the
charge tank is varied systematically between 57 and 86 bar. Figure
8 illustrates the inlet conditions in the nozzle in a
temperature–entropy (T–S) diagram, and Table 1 summarizes the
corresponding targeted total pressures and total temperature for
each test case. The temperature and entropy are normalized by the
critical conditions. Each test is conducted twice to ensure repeat-
ability. Detailed information of each measurement is included in
the Appendix of this paper.

High-speed footage of the nozzle test section shows the onset
of condensation as white fog, as illustrated in Fig. 9. As the

Fig. 7 Shearing interferometer setup

Fig. 8 Temperature–entropy diagram illustrating the set of
tests used to determine the Wilson line
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pressure is increased at constant temperature, the margin to con-
densation is reduced, moving the onset of nucleation closer to the
throat and into the converging section of the nozzle. Density
measurements are conducted through interferometry until the
point of condensation, as indicated in Fig. 10, where the fringe
pattern is visible up to the condensation front. Pressure measure-
ments reveal a bump in static pressure corresponding to the onset
of nucleation. In Fig. 11, the pressure measurements are compared
with a one-dimensional isentropic analysis for run 4 as an exam-
ple. The black, horizontal, dashed line marks the saturation pres-
sure at which the fluid becomes metastable. The blue dashed line
marks the location of condensation onset. The pressure rise is
shifted upstream as the pressure at the inlet is increased (not
shown here), consistent with the flow visualizations. Coupled
pressure and density measurements are used to determine the
exact conditions at which nucleation occurs and determine the
location of the Wilson line. The pressure is linearly interpolated
between two pressure transducers where condensation is encoun-
tered, and the value is weighted based on the location defined by
optical visualization. To verify the interferometry setup, the den-
sity measurements are compared with first principles modeling
based on an isentropic expansion using the Span and Wagner

model and numerical calculations. The methodology is also
assessed for single-phase flow by running the nozzle at increased
entropy and away from the saturation line in Paxson [17].

The experimentally determined Wilson line is shown in a T–S
diagram in Fig. 12. The spinodal decomposition limit from the
Span and Wagner equation of state model defined by the NIST
REFPROP is also reported. The Wilson line crosses the spinodal
limit at high pressure and near the critical point. This might indi-
cate that the spinodal limit based on the S–W EOS is inaccurate
due to challenges associated with the definition of the thermody-
namic properties of CO2 near the critical point. Further experi-
ments must be conducted at high pressures to confirm this
conjecture and for the moment, the data at the highest pressure are
omitted in Fig. 13 where the Wilson line measurements are com-
pared with the values measured by Bier et al. [9,10].

The experiments by Bier et al. refer to two nozzles with expan-
sion rates _p ¼ �wdp=pdx of 2� 104 and 8� 104 s�1, denoted
as B1 and B2, respectively. The nozzle in the present study yields
a varying expansion rate in the converging section from
2.0� 103 s�1 to 1.25� 104 s�1, with an average 7.5� 103 s�1. The
maximum expansion ratio of 1.25� 104 s�1 is found in the meta-
stable region. The present analysis focuses on the converging sec-
tion because the flow at the leading edge of the compressor is
subsonic and does not exceed Mach 1. The expansion rate should
be expressed in nondimensional form for appropriate comparison
with other cases. This is the focus of ongoing research. While the
nozzle expansion rate is close to that of geometry B2 in Bier
et al., the comparison indicates discrepancies between the Wilson
line measurements of up to 20%. This is likely due to inaccuracies
in determining the thermodynamic state at condensation onset by
Bier et al. The authors used interpolated pressure measurements

Table 1 Run conditions

Case Tt (K) Pt (bar) S (J/Kg K) T/Tc P/Pc S/Sc

1 310 58 1830 1.02 0.8 1.28
2 310 65 1766 1.02 0.9 1.23
3 310 73 1695 1.02 1.0 1.18
4 311 80 1634 1.025 1.1 1.13
5 312 84 1548 1.027 1.2 1.08

Fig. 9 Condensation fog in the nozzle test section for test runs
summarized in Table 1

Fig. 10 Fringe pattern visible up to the condensation point allows for density measurements
into the metastable region

Fig. 11 Pressure measurements for Case 4. Experimental
measurements are compared with an isentropic expansion
to identify the pressure rise due to condensation onset. The
nozzle throat is located at x/L 5 0.
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under the assumptions of isentropic flow and the EOS model by
Bender’s [12]. The coupling of density and pressure measure-
ments together with the Span and Wagner EOS model used here
yields a more accurate estimation of the thermodynamic state at
the condensation onset. The subcooling levels normalized by the
critical temperature recorded for each condensation point are
reported in Fig. 14 and show a near linear trend with reduced
entropy Sr¼ S/Sc [22].

Numerical calculations were conducted next to verify the accu-
racy of the extrapolation of the Span and Wagner metastable prop-
erties relative to experimental data. The computed density in the
converging nozzle section is shown in Figs. 15 and 16 for runs 2
and 3 and is compared with the measured values as well as with
values obtained through isentropic one-dimensional analysis using
the Span and Wagner EOS model. The results for case 2 are
shown in Fig. 15 while Fig. 16 refers to case 3, as indicated in
Table 1. The present analysis is limited to the converging part of
the nozzle because the Mach numbers in the compressor of inter-
est are in the subsonic/transonic regime. Centrifugal compressors
used for CCS have usually machine Mach numbers Mu¼U2/a
ranging from 0.4 to 0.8, where U2 is the tip speed and a is the
speed of sound. The highest relative Mach in the machine is often
found at the leading edge, where the fluid isentropically expands
and might reach sonic conditions. The grey shaded area indicates
the metastable region for which pressure and temperature are

below the saturation values, while the blue shaded ones indicate
the experimental uncertainty in the measurements. The calcula-
tions show agreement within 0.2% in the converging section and
in the equilibrium region. The agreement is maintained in the met-
astable region at pressures above reduced entropies of Sr¼ 1.2 as

Fig. 12 Temperature–entropy diagram illustrating Wilson line
measurements. The spinodal limit is determined using the NIST
formulation of the Span and Wagner EOS model.

Fig. 13 Temperature–entropy diagram illustrating comparison
of the Wilson line measurements with the work by Bier et al.
[9,10]

Fig. 14 Measured subcooling normalized by the critical tem-
perature versus reduced entropy

Fig. 15 Density in the converging part of the nozzle. Calcula-
tions (red) and results of a 1D isentropic expansion using the
Span and Wagner EOS model are compared with experiments
(blue) at 67 bar in the charge tank.

Fig. 16 Density in the converging part of the nozzle. Calcula-
tions (red) and results of a 1D isentropic expansion using the
Span and Wagner EOS model are compared with experiments
(blue) at 74 bar in the charge tank.
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shown for case 2 in Fig. 15. The results validate the extrapolation
of the Span and Wagner EOS model at low pressure, while show-
ing discrepancies as large as 2% at reduced entropies below 1.2.

Current and future work aims to improve the accuracy of the
EOS extrapolation using the experimental data. Further analysis
will be conducted using table extrapolation via cubic spline meth-
ods and by assessing the effect of different nozzle expansion rates
on the Wilson line and on the condensation onset. One example is
to use the entropy, pressure, and density from the measurements
to determine the thermos-physical fluid properties in the metasta-
ble region. The values in between measurements can be fitted
using cubic interpolation in real gas properties tables, effectively
improving the accuracy of the isentropic flow predictions.

Although direct imaging of the experimental test section pro-
vides information of the condensation onset, the imaging does not
provide a quantitative measure of the moist mass fraction and can-
not be compared with the computed amount of condensate.

Definition of Condensation-Free Compressor Inlet

Conditions

A limit on condensation-free compressor inlet total conditions
is determined based on the experimentally derived Wilson line
shown in Fig. 12. For total conditions above this limit, an isen-
tropic expansion up to an indicated Mach number at the impeller
leading edge will lead to temperatures and pressures above the
Wilson line. The condensation limits are drawn for expansions up
to leading edge Mach numbers of 0.9, 1, and 1.1 in Fig. 17. The
speed of sound and the enthalpy for the points along the Wilson
line are calculated using extrapolated values from the Span and
Wagner EOS. Assuming Mach number, the velocity can be calcu-
lated. One-dimensional compressible isentropic analysis, mass
conservation, and energy conservation are used to calculate the
total enthalpy from the velocity and the static enthalpy. With the
entropy and the total enthalpy known, the total conditions can be
calculated using the equilibrium Span and Wagner EOS.

The condensation limit for a maximum Mach number of 1 is
taken as an experimentally derived limit typical for supercritical
CO2 compressors. This boundary is used to run two-phase, real
gas calculations of the first stage of the last block of a Mitsubishi
Heavy Industry preproduction supercritical CO2 compressor with
a discharge pressure above 700 bar. The total inlet conditions are
set on the experimentally determined condensation limit to avoid
condensation, corresponding to 80 bar and 315 K. Even though
the pressure and temperature near the leading edge drop below the
saturation values as shown in Fig. 18, the computations indicate
no condensation within the bulk flow and the fluid remains
entirely in the metastable region. A timescale analysis is derived

using the residence time tr of the fluid in the condensing region
and the nucleation time, defined as tn ¼ 1=JmaxV, where Jmax is
the maximum computed nucleation rate and V is the volume of
the condensing region. The timescale analysis suggests that con-
densation does not occur because of the short residence time of
the flow in the condensing region and relatively large nucleation
time such that tr=tn � 1. The inlet conditions at 80 bar and 315 K
were used in a full-scale supercritical CO2 compressor test with
discharge pressure of over 700 bar. The original temperature of
operation of the compressor was 330 K. By lowering the inlet
temperature, the density of the fluid increases and the machine
requires less power to compress the CO2. It is found that the
experimental boundary to condensation enables a 16% reduction
of the measured shaft power. During the compressor tests, no
signs of instability or performance deterioration were found sup-
porting the conjecture that compressor operation was condensa-
tion free.

Conclusions

Nonequilibrium condensation of CO2 in a converging–
diverging nozzle was characterized via experiments and computa-
tion. Condensation is observed in a range of stagnation pressures
at the nozzle inlet between 57 and 85 bar and a stagnation temper-
ature of about 310 K. The Wilson line, determining the nonequili-
brium condensation onset, was determined through optical
visualization of the condensation onset, density measurements
through shearing interferometry, and static pressure measurements
along the nozzle walls. The analysis is conducted by increasing
the inlet pressure and shifting the condensation front upstream in
the nozzle and into the converging section. Numerical calculations
are conducted using a user-defined condensation model based on
classical nucleation theory and metastable properties based on
direct extrapolation of the NIST REFPROP Span and Wagner
EOS model. The main takeaways from the paper are that: (i)
direct extrapolation in fluid properties yield results within 0.2% of
the experiments validating the methodology away from the criti-
cal point (S/Sc> 1.2), (ii) near the critical point (S/Sc< 1.2), the
extrapolation yields errors as large as 2%, (iii) the Wilson line is
determined based on pressure and density measurements at condi-
tions as high as 0.97 of the critical values, and (iv) the measured
condensation onset is used to define an experimentally determined
limit for condensation free inlet conditions of supercritical carbon
dioxide compressors. Numerical calculations of a supercritical
compressor stage are conducted at inlet conditions above the con-
densation margin and confirm the absence of condensate. A time-
scale analysis supports the conjecture that condensation does not
occur as the residence time of the flow in the condensing region is
short relative to the nucleation time. Using this insight, the com-
pressor can be operated at reduced inlet temperature. This leads to

Fig. 17 Experimentally derived condensation limits on com-
pressor inlet conditions for various maximum leading edge
Mach numbers

Fig. 18 Computed region of metastable, condensation free
fluid. The computations suggest condensation cannot occur
for compressor inlet conditions above the experimentally deter-
mined limit.
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higher CO2 density, which in turn enables the reduction of the
compressor power requirements. A 16% reduction of the meas-
ured shaft power is demonstrated for the case of a 700 bar centrif-
ugal compressor for carbon capture and sequestration.
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Fig. 19 Measured static pressure for each test case. The label
indicate the corresponding measured nozzle inlet static pressure.

Fig. 20 Measured density for test case 1

Table 2 Static pressure measurements

Case K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 K12 K13

5 83.47 82.80 80.49 74.10 57.99 49.71 45.35 43.03 38.95 35.58 32.90 30.91 28.98
5 82.76 82.25 79.82 73.56 57.33 49.11 44.83 42.57 38.52 35.19 32.59 30.59 28.70
4 78.77 78.46 75.94 69.42 53.96 45.90 41.90 39.71 36.07 32.99 30.55 28.63 26.92
4 77.98 77.56 75.08 68.55 53.24 45.28 41.30 39.17 35.54 32.51 30.09 28.24 26.53
3 72.44 71.97 68.89 62.67 52.24 42.11 38.11 35.81 32.74 29.84 27.63 25.89 24.39
3 71.43 70.88 68.28 61.40 51.56 42.41 38.04 35.68 32.54 29.64 27.44 25.74 24.25
2 64.38 63.85 61.14 54.01 41.12 39.41 35.48 32.91 30.07 27.31 25.28 23.75 22.43
2 62.95 62.42 59.74 52.66 38.84 37.61 34.18 31.73 29.18 26.53 24.59 23.09 21.85
1 58.08 57.48 54.97 48.40 34.54 32.82 29.89 28.01 25.87 23.51 21.89 20.59 19.50
1 56.39 55.83 53.39 46.98 33.52 29.05 28.44 26.75 24.74 22.57 20.99 19.68 18.73

Table 3 Total temperature, total pressure, and condensation
location measurements

Case Tt (K) Pt (bar) Condensation location (mm)

5 313.88 84.74 �4.675
5 313.83 84.02 �4.624
4 313.94 79.99 �3.462
4 313.68 79.18 �3.150
3 313.60 73.53 �0.505
3 313.37 72.53 0.388
2 311.99 65.35 1.660
2 311.87 63.9 2.022
1 314.67 58.96 3.748
1 314.78 57.24 5.416

Funding Data

	 Mitsubishi Heavy Industries Takasago R&D Center.

Nomenclature

a ¼ speed of sound (m/s)
g ¼ specific Gibbs free energy (m2 s�2)
J ¼ condensation rate (m�3 s�1)
k ¼ Boltzmann constant (1.38� 10�23 m2 kg s�2 K�1)

m ¼ molar mass (kg/mol)
Mu ¼ machine Mach number Mu¼U2/a

p ¼ pressure (Pa)
r ¼ radius (m)

Re ¼ Reynolds number
S ¼ entropy (J/kg K�1)
T ¼ temperature (K)

u, U ¼ velocity (m/s)
x ¼ axial coordinate (m)

Greek Symbols

q ¼ density (kg/m3)
r ¼ surface tension (kg/s2)

Subscripts/Superscripts

c ¼ critical value
g ¼ gas
l ¼ liquid
r ¼ reduced value (normalized by critical value)
v ¼ vapor
0 ¼ inlet value
2 ¼ discharge value

Appendix

The pressure measurements and density measurements for all

test cases are reported in this appendix as a reference for future

studies. This section also includes the coordinates of the nozzle

test section. Figure 19 shows the measured static pressure in the
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nozzle for all the test cases. Each run is conducted more than
once, to ensure repeatability. Figure 20 reports the density meas-
urements for cases 1. The measured static pressure at the inlet of
the nozzle for each case is reported in Table 2. Table 3 reports the
corresponding total measurements in the tank and the condensa-
tion location. Table 4 yields the nozzle wall coordinates. The ori-
gin of the coordinate system is placed at the throat.
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