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ABSTRACT

Closed power cycles based on carbon dioxide in supercritical conditions (sCO2 in the following)
are experiencing a growing scientific, technical and industrial interest, due to the high energy
conversion efficiency and components compactness. Despite these advantages, the use of a
working fluid operating in proximity to the critical point, especially for the compressor, entails
multidisciplinary challenges related to the severe non-ideality of the supercritical fluid, which
includes the potential onset of phase change at the impeller intake. On the technical and
industrial grounds, the phase-transition might dramatically affect the aerodynamics, the
performance and the rangeability of the compressor. On the scientific ground, the modelling of
two-phase flows in transonic/supersonic conditions still remains an open issue that demands a
thorough experimental assessment.

This work illustrates the results of a wide experimental campaign focused on the evaluation of
the operative map of a MW-scale high-load sCO2 compressor operating in plant-representative



conditions, i.e. in proximity to the critical point (P = 79.8 bar, T = 33°C), designed in the frame of
the sCO2Flex project, EU Horizon 2020 funded program (grant agreement #764690). In the
design process, the machine had been object of a thorough computational investigation,
performed by using a homogeneous equilibrium model equipped with a barotropic equation of
state, which revealed a significant impact of the phase change on the compressor aerodynamics
and on its rangeability for flow rates higher than the design one. Such phenomena are connected
to the sudden drop of the speed of sound, originated when the fluid thermodynamic condition
crosses the saturation line, and they weaken as the compressor loading reduces. Experiments
carried out on a first of a kind 5 MW sCO2 prototype compressor manufactured and tested by
Baker Hughes in 2021 remarkably well matched the predicted compressor performance and,
especially, the anticipated and sudden choking of the compressor at nominal peripheral Mach
number.

Results demonstrates experimentally, for the first time ever, the effects of the phase-change on
the operation of a realistic SCO2 compressor, also providing significant insights on the predictive
capabilities of the physical models employed for the calculation of two-phase flows in this class
of machines.

INTRODUCTION

Carbon dioxide in supercritical thermodynamic state is a favourable working fluid for energy
systems from several perspectives. It exhibits low toxicity and thermal stability for very wide
ranges of pressure and temperature, and used in closed Joule-Brayton cycles it offers potential
advantages in terms of cycle efficiency and components size. For the reasons above reported,
it is suited for operating in flexible environment (such as in combination to renewable sources
and waste heat recovery). Besides the high thermal efficiencies by using sCO2 as a working
fluid, there is also the advantage of a simple and compact physical footprint coupled with a good
operational flexibility, which could realize potential benefit also for Floating Production Storage
and Offloading (FPSO) applications. These sCO2 power systems are characterized by a
compressor operating close to the critical point, typically featuring lower entropy with respect to
the critical one so to minimize the compression work. Feasibility studies [1] suggest that for cycle
power capacities within 300 MW the recommended machine is a centrifugal compressor. Typical
pressure ratios of optimized sCO2 power systems are of the order of 3 [2], which can be
delivered by using either a single-stage or a two-stage compressor, anyway featuring high
aerodynamic load in both cases.

The design and operation of high-speed turbomachinery in proximity to the critical point pose
important scientific and technical challenges whose proper mastering is instrumental for the
success of the entire sCO2 technology. Close to the critical point, the large gradients in density
and specific-heats make his behaviour deviate from the ideal-gas law [3] and, due to the
proximity to the saturation curve, phase-change phenomena can also take place as a
consequence of the local flow accelerations. The phase change can occur either as cavitation
or condensation, depending on the entropy level of the CO2 at the compressor intake, with
important potential implications in terms of performance, rangeability and mechanical integrity.
Criteria for avoiding two-phase flows were proposed [4] which end up in severe limitations in the
selection and design of the compressor, especially when considering the high aerodynamic
loading expected for this class of machines (unless several compression stages are considered).

Due to the low time-scale of the flow processes within compressor impellers, one potential
advantage in the sCO2 compressor operation might be the existence of meta-stable states,
which results in a delay in the phase-change phenomena similar to that observed in wet steam



turbines [5], and already observed experimentally for condensing sCO2 in nozzles [6]. However,
similar experiments for flashing sCO2 in nozzles [7] did not exhibit a delay in phase change (it
is to be considered that the thermodynamic region where meta-stable states can exist becomes
progressively thinner approaching the critical point).

In this uncertain scenario, it is crucial to develop appropriate models for the prediction of sSCO2
compressor aerodynamics with high fidelity from the thermodynamic perspective. Moreover,
there is a clear need of reliable experimental data, performed considering real-scale machines
operating in their actual condition and experiencing a realistic aerodynamic loading. As a
relevant example, experimental [8] and computational [9, 10] studies were successfully
performed on the compressor designed and operated at the Sandia Lab; however, the available
experimental data considered a small-scale prototype operated with a limited pressure rise, so
the machine was found to be virtually free from any significant two-phase flow effect. Other
experimental studies on exemplary sCO2 compressors have been recently presented [11], but
again selecting thermodynamic states and aerodynamic loading to avoid two-phase flows. The
experimental campaign presented in [12] and [13] deals with the design and development
challenges faced on a 2.5MW sCO2 compressor focusing rotordynamics and flow range.
Performance measurements have been carried out on the same machine [14], whose suction
pressure is closer to critical point than aforementioned cases, though with higher margin to
saturation with respect to present work. On numerical side [15] the impact of inlet conditions
when operating close to critical point has been assessed, but no experimental validation is
available.

A gap exists, therefore, for the proper characterization of the sCO2 compressors in presence of
two phase flow conditions.

This works aims at filling this gap by presenting a unigque set of experimental data and
computational predictions performed on a MW-scale centrifugal compressor, designed in the
frame of the EU-H2020 project sCO2-Flex, featuring thermodynamic and operative conditions
representative of those expected in the actual engineering application. sCO2-Flex proposes a
new closed-loop thermodynamic cycle to improve the flexibility and efficiency of existing
conventional power plants while minimizing water usage. The system includes an axial expander
and two centrifugal compressors working in parallel, and it is designed to provide 25 MWe at
100% load and have the flexibility to reduce load down to 20%; compared to a water/steam plant,
sCO2-flex can reduce greenhouse gases emissions by 8%. Baker-Hughes was in charge of
performing the plant simulation for both design and off-design conditions, of selecting materials
and perform relevant tests, of designing the two compressors and the expander and moreover
of testing the prototype compressor working close to CO2 critical point.

Beside the data, the paper discusses methodologic aspects related to both instrumental and
numerical issues. By virtue of the good agreement between experiments and simulations,
important conclusions will be drawn on physical aspects of the flow and their proper modelling.



COMPUTATIONAL MODEL

The CFD simulations presented in this paper were performed by applying the computational flow
model developed by the Politecnico di Milano for the high-fidelity analysis of compressible flows
in turbomachinery operating with non-ideal working fluids. The flow model is based on the
ANSYS-CFX finite-volume flow solver, using high-order numerical schemes for both inviscid and
viscous fluxes. Turbulence effects are introduced by resorting to the k-w SST model [16]
assuming fully turbulent flow. Considering the very low kinematic viscosity of carbon dioxide in
supercritical conditions, the assumption of hydraulically smooth surfaces is not appropriate and,
hence, wall roughness and wall functions are specified.

Even though based on a RANS level of approximation, the high-fidelity of the present model refers
to the accurate representation of the thermodynamic behaviour of the fluid. This is crucial for the
proper modelling of turbomachinery operating with fluids in supercritical conditions, whereby the
proximity to the critical points originates a large departure from ideal-gas behaviour. In particular,
the thermodynamic behaviour of the fluid is modelled here by resorting to the Span-Wagner
formulation [17]. However, the challenges of simulating the flow in technically-relevant sCO2
compressors are also related to two-phase flows: the proximity of the inlet compressor state to
saturation might indeed trigger phase change processes that need to be taken into account in the
simulation model. In this work, we make use of a barotropic model, which belongs to the class of
homogeneous equilibrium models (HEM); the barotropic model was first proposed for application
to sCO2 compressors by the same authors in [18], and it was subsequently discussed and
compared against a non-barotropic HEM in [19]. The barotropic model provided computational
results in excellent validation against experiments for flashing expansions of sCO2 [7], in
particular for thermodynamic states close to the ones of interest for the present case and sCO2
compressors in general.

The equations of motion are solved on structured meshes composed by hexahedral elements.
Meshes are generated applying AutoGrid™ and include the intake duct, the impeller, with fillet
radii, and the vaneless diffuser. The leaks in the seals and the related secondary flows where not
the object of the CFD simulation and, hence, not modelled.

PROTOTYPE COMPRESSOR AND RIG LAYOUT

Prototype compressor is a 2 stages centrifugal compressor with an operating range between
60% and 105% speed; a barrel type casing has been chosen taking into account the operating
pressure. Rotor is composed by the shaft and two impellers: the first one has a dedicated design
to cope with the CO, supercritical characteristics, in proximity of critical point, whereas the
second one belongs to Baker Hughes centrifugal compressor stages database. Figure 1 shows
the barrel compressor casing and a schematic cross section of the compressor itself.
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Figure 1 — Barrel Compressor Casing (left) and schematic cross section (right)

Test has been carried out on a test bench in the Baker Hughes facility in Florence, see Figure
2, which allowed for testing the 5.4 MW compressor prototype and exploring the whole operating
map.Test was performed in a closed loop and a gas turbine was used as a driver. Figure 3
depicts the compressor installed on the test rig.

Dealing with supercritical CO2 has been the main challenge of the design of prototype and test
facility. Due to the already described peculiarity of the compressor suction conditions and the
strict tolerances required, particular care was given to temperature control, in order to avoid
uncontrolled phase transitions in all tested operating conditions, both steady state and transient.

The test was an ASME PTC-10 Type | test, hence executed under conditions equal to the design
ones (e.g., gas composition and inlet total temperature and pressure): the final goal was to
measure the compressor performances. Instrumentation was selected to achieve the highest
level of accuracy in performance and controllability; moreover, additional internal compressor
measurements were added to address detailed verification of machine components. In
particular, since the first stage is the one having suction conditions close to the critical point,
static pressure taps have been placed at impeller inlet and along the diffuser; at the same time
total pressure and total temperature probes have been installed at the inlet and outlet of the first
stage diffuser. In addition, compressor flowrate was measured both at compressor suction and
discharge.

The accuracy of both temperature and pressure measurements plays a major role in
performance computation; for this reason special care is needed when sensors and
instrumentation are selected. As far as temperature measurements are concerned, RTD
(resistance temperature detector) class A+ were selected and they were calibrated with a
primary source, returning an uncertainty of +0.04 K. The instrumentation uncertainty for total
pressure measurements is reported in table below, for two relevant conditions (see also next
chapter): far from critical point operation (50 bar, 309.15 K at compressor inlet) and design point
operation (79.79 bar, 306.15 K). Since all the sensors and transducers ranges were identified to
guarantee better performance when operating in design conditions (hence close to critical point)
the uncertainty levels in the far from critical point conditions (where absolute pressure levels both
at the inlet and at the outlet are lower) are slightly higher.



Far from Critical Point Design Operation
Pin 0.13% 0.07%
Pout 0.28% 0.08%
Table 1 — Total Pressure Measurement Uncertainty

The mass flow rate was measured using orifice plates, according to ASME 5167 standard, with
a relative uncertainty in the order of 0.8%. The relative uncertainty in rotational speed is below
0.01%.

Regarding the main performance parameters, table below collects the measurement uncertainty
As shown, in both cases the measurement uncertainty, which takes into account both
sensors/tranducers accuracy and signals standard deviation during test points acquisition, is
considered very good and in line with industrial expectations. Due to lower measurement
uncertainty in the design condition, the uncertainty on performance keeps lower as well.

Far from Critical Point Design Operation

Flow Coefficient 1.32% 0.86%
Polytropic Efficiency 2.37% 1.82%
Pressure Ratio (Total-Total) 0.31% 0.11%

Table 2 — Uncertainty on Performance
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Figure 2 — Prototype compressor test rig at the Baker Hughes facility in Florence, Italy



Figure 3 — Prototype installed on the test rig at the Baker Hughes facility in Florence, Italy

RESULTS AND DISCUSSION

The final goal of experimental test campaign was the performance measurement of the
compressor operating in plant-representative conditions, i.e. in proximity to the critical point (CP),
at P = 79.8 bar and T = 33°C. Moreover, in order to carry out an in depth assessment of the
thermodynamic behavior and performance of a compressor operating in such peculiar
conditions, a first test campaign was focused on the performance measurements in a far from
critical point condition. Table 3 collects the main operating parameters for the two conditions,
which are then graphically represented on P-S diagram in Figure 4

Far from Critical Point Design Operation

Gas CO; (100%) CO2 (100%)
Suction Total Pressure 50.0 bar 79.79 bar
Suction Total Pressure 309.15 K 306.15 K
Shaft Speed 8625 rpm 11400 rpm

Table 3 — Operating Conditions

Pressure (bar)

Entropy (kJ/Kg-K)

Figure 4 — Inlet conditions on P-S state diagram for performance far from critical point



Both in the design condition and in the one far from critical point, a complete curve exploration
from the right to the left flow rate limit was performed.

Due to the peculiar suction conditions for design point case, in particular to the proximity to CO
critical point, it has been very important to guarantee inlet conditions close to design values all
along the performance curve and to guarantee full stable conditions. At this regards a line-up of
deviations for the design curve is shown in Figure 5 where, in the range tested, deviations for
suction temperature and pressure are in the range of £1%.

line up of Inlet Total Quantities w.r.t. Design values
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Figure 5 — Variation of inlet pressure and temperature during exploration of 100%speed curve

Far from Critical Point Performance

In the first part of the test campaign, the machine was operated far from critical point (see again
Figure 4) where thermodynamic quantities are characterized by properties well approximated by
the ideal gas model. Test results are given in Figure 6, where flow coefficient, total pressure ratio
and efficiency are defined as:

4Q .
p=—7 Equation 1
Dy u,
Piot2
Brr = Pwt' Equation 2
tot,1
Ah
= —pol Equation 3

Npp = Ahog
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Figure 6 — Performance curves far from critical point

Results are in good agreement with experimental data. Two points in left region of Bee plot of
Figure 6 appear out of trend with respect to rest of the curve: indeed those two points have been
obtained with same inlet condition but with a slightly higher speed (thus, with a slightly higher
peripheral Mach number) that led to a higher pressure ratio as well. Such points have been kept
anyway in the experimental set of data as they are useful to better describe left region.

Obtained results confirm that in these conditions, where inlet pressure and temperature are very
far from CP, the assumption of considering ideal gas properties is a proper choice to predict
performance. On the contrary, as it will be shown in the following section, the assumption of
ideal gas for inlet conditions close to CP leads to a not-acceptable over estimation of the right
flow rate range limit.

Design Point performance

In this work, only results obtained at nominal rotational speed are discussed. The experimental
curves in terms of pressure ratio and normalized total-to-total efficiency are reported in Figure 7
and compared with two sets of expected curves obtained via CFD simulations. As their name
suggest, the “ideal-gas expected” curves are obtained under the ideal-gas approximation with
constant specific heat coefficients, while the so-called “real-gas expected” curves are derived by
accounting for the actual volumetric evolution as predicted by the barotropic method..

For ¢/¢4 < 1.2, the two numerical curves, normalized by their design values, overlap and
reproduce the experimental data with an acceptable approximation. A first qualitative difference
can be found in the slope of pressure rise, which is slightly underpredicted by the expected
curves. However, this discrepancy does not undermine the compressor stability, which was
preserved even for ¢ /¢, < 0.8. Instead, the shape of the efficiency curve is closely reproduced
for these flow conditions, with a uniform overprediction of few percentage points. It is worth to
underline that a similar relative error is also found for conditions far from the critical point (see
Figure 6), whereby the measurement uncertainty is also comparably lower.
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Figure 7 — 100% speed - comparison with expected

The two expected curves depart for ¢ /¢, > 1.20. The real-gas expected exhibits a sharp drop
in performance connected to choked operation that is coherent with experimental data, while the
ideal-gas expected reaches ¢ /¢, = 1.55. The flow fields in terms of relative Mach number at
three relevant spanwise coordinate obtained with both the ideal gas and barotropic model are
reported in Figure 8 for ¢ /¢4 = 1.20. A sonic throat at the hub section (10% of the span) confirms
that the barotropic model predicts choke in this flow condition, opposed to the ideal-gas scenario,
in which M,,, = 0.5. The earlier onset of a sonic throat cannot be explained by simply resorting to
conventional single-phase thermodynamics: the speed of sound generally decreases with fluid
compressibility, then a perfect gas should exhibit a higher Mach number than its real-gas
counterpart (featuring lower compressibility). Therefore, the responsibility for a reduced choking
limit should be found elsewhere, e.g. in the onset of the phase change.

(a) Hub (10% span) (b) Mid (50% span) (c) Tip (90% span)

72 F

Figure 8 — Comparison of relative Mach number fields obtained with the perfect-gas (top panels)
and barotropic (bottom panels) model for three spanwise sections, namely (a) hub (10% span), (b)
mid (50% span), and (c) tip (90% span) at ¢/¢p4=1.20.
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The two-phase states computed with the barotropic model follow the thermodynamic equilibrium.
From a physical perspective, this assumption is justified because non-equilibrium drivers - such
as surface tension, latent heat, density ratio between phases, metastable states - vanish
approaching the critical point. Under this assumption, a significant drop in the speed of sound
(more than halved) is observed when crossing the saturation curve. Therefore, the sudden
increase in Mach number is not prompted by an appreciable variation of the flow velocity, but
instead by a reduction of the speed of sound connected with the onset of the secondary phase
(lighter than the primary phase). To this end, Figure 9 shows the flow fields of speed of sound
and relative Mach number for three flow conditions, namely a low flow rate (close to surge),
design flow rate and high flow rate (choked flow rate). By comparing the two fields, it is evident
that the Mach number increase is largely triggered by the drop in the speed of sound associated
with the onset of the two-phase flow, explaining the early choking that is experimentally
observed. This strong experimental evidence supports that two-phase flows occurring close to
the critical point quickly achieves the thermodynamic equilibrium, and non-equilibrium or meta-
stable effects play a marginal role.

From an operation viewpoint and for the design operating condition here documented, no
specific shaft vibration frequencies associated with the onset of two-phase flows were detected
during the test campaign. An explanation can be found in the relatively small density ratio
between the liquid and vapor phase (less than one order of magnitude). Therefore, the
secondary phase is expected to be dispersed into the primary one without a clear phase interface
(bubbly flow regime), thus possibly weakening the two-phase flow dynamics.
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Figure 9 — Midspan flow fields in terms of speed of sound (top panels) and relative Mach numbers
(bottom panels) for three representative flow conditions, namely a (a) low flow rate, (b) design flow
rate, and (c) choking flow rate.

To better highlight phase-change processes, Figure 9 reports the iso-surfaces of saturation
pressure for surge, design and choked flow conditions. For this latter, the enclosed volume
delimited by the iso-surface is expected to be single-phase, opposed to the first two cases, in
which the two-phase is enclosed by the iso-surface. For ¢ /¢, = 1.20, the total-to-static expansion
responsible of the flow rate is sufficient to trigger phase transition, thus the flow is entirely two-



phase at the impeller entrance. The single-phase condition is recovered in a local region close to
the stagnation point, where the kinetic head vanishes and, accordingly, the static pressure rises
(above the saturation one). For lower flow rates, instead, the flow is single phase at the entrance,
but it becomes two-phase due to local flow acceleration on the main-blade suction side.
Interestingly, a small two-phase flow region is found even at low flow rates ¢ /¢, = 0.70 — 0.80
due to local flow acceleration, but no specific operational instabilities at low flow rate seemed to
appear in the experiments. However, a clear analysis of the surge was not object of this
experimental campaign, and further analyses are needed to corroborate this experimental
evidence.

@) ¢/dpa = 0.7 (b) ¢/da =10 ©) ¢/pa =12

Figure 10 — Isosurfaces of saturation pressure for three representative flow conditions, namely a
(a) low flow rate, (b) design flow rate, and (c) choking flow rate. The blue isosurface indicates that
the corresponding enclosed region includes thermodynamic states such that P < Py, , the
opposite for the orange isosurface.

CONCLUSIONS

This work has presented a unigue set of experimental data describing the operation of a MW-
scale compressor working with sCO- in thermodynamic and load conditions representative of
those expected in the actual engineering application. This is likely the first time a compressor of
this size has been tested with CO2 in supercritical conditions and it fulfilled all the aero-
thermodynamic requirements. As a relevant consequence, such tests have given the opportunity
to assess the innovative computational model introduced within the sCO2-flex project, which
was shown to provide accurate performance predictions for centrifugal compressors working
close to the CO, critical point. The matching between experiments and simulation has
demonstrated that using sCO; as working fluid has an impact on the rangeability of the
compressor, with an anticipation of the choking limit. This finding, suggested by previous studies
of the same authors and fully confirmed by the present experiments, has been explained as a
conseguence of the onset of two-phase flows in the intake region of the machine. By confirming
the numerical predictions, the experiments have also demonstrated that two-phase flow
simulations based on the barotropic homogeneous equilibrium model are able to capture the
effect of two-phase flows on sCO, compressor performance and rangeability.

This is deemed a milestone for the validation not only of sCO2 turbomachinery but for the whole
sCO. technology, bringing key learnings in terms of efficiency, manufacturability, and
controllability, as well as on high-fidelity modelling, of one of its crucial components, the main
compressor. The sCO2-flex experience has enabled us to design turbomachinery to operate
with supercritical CO2 for selection and production of the most efficient, flexible, and cost-
effective supercritical CO2 cycles to help drive the energy transition.
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NOMENCLATURE
sCO2 Supercritical Carbon Dioxide
CFD Computational Fluid Dynamics
CP Critical Point
MW Mega Watt
c Speed of Sound
D Diameter
h Enthalpy
M Mach number
P Pressure
Q Volumetric flow rate
S Entropy
T Temperature
u Peripheral speed
Greeks
B Pressure Ratio
0] Flow coefficient
n Polytropic efficiency
p Density
Subscripts
ad Adiabatic
d Design
in Compressor inlet flange
FF Flange to Flange
out Compressor outlet flange
pol Polytropic
sat Saturation
w Relative quantity

2 Impeller trailing edge section
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