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ABSTRACT
This study investigates the performance of a centrifugal

compressor stage operating with supercritical CO2. The can-
didate geometry comprises a channel diffuser and is based on
main dimensions of a test-loop compressor operated by Sandia
National Laboratories. A non-dimensional performance curve
is derived through three-dimensional RANS calculations per-
formed with an in-house compressible CFD solver and is com-
pared to experimental data as well as a meanline analysis that
is conducted applying a single-zone modelling approach, includ-
ing internal and external loss models. Within the CFD simula-
tions, real gas thermophysical properties of carbon dioxide are
assessed through an accurate and efficient tabulation procedure,
the Spline-Based Table Look-Up Method (SBTL), which is opti-
mised for the density-based solver architecture. The conducted
RANS calculations show an ideal head rise of up to 41 % through
the channel diffuser compared to an ideal head assessment con-
sidering the impeller. The applied meanline methodology pro-
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vides good agreement with the impeller performance character-
istics derived from RANS calculations over the entire investi-
gated flow range. Except for flow coefficients exceeding values of
φ ≈ 0.043, where an abrupt decrease of the ideal head recovery
is identified in the CFD assessments, which is not resembled by
the meanline diffuser model, also satisfactory agreement of the
meanline stage performance characteristics with the CFD results
is obtained. Hence, applicability of the corresponding meanline
loss models for sCO2 compressor analysis is indicated.

INTRODUCTION
Closed power cycles utilising supercritical carbon dioxide

as the working fluid exhibit several advantages compared to con-
ventional power cycles. These power systems are predominantly
designed as Brayton cycles where the compression is conducted
at thermodynamic states that are lying close to the vapour-liquid
critical point of CO2 and are therefore characterised by a high
fluid density. Hence, compression work is reduced significantly.
Furthermore, high fluid density enables compact component de-
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sign and ultimately paves the way for a small physical footprint
of the overall plant. Supercritical power systems can also be cou-
pled to a variety of heat sources, allowing for a broad range of
applications.

Despite increased research efforts, there are still enduring
challenges which need to be overcome until sCO2 cycles can be
commercialised. Key issues concern reliable process control, the
design of compact and effective heat exchangers as well as the
realisation of satisfactory turbomachinery performance charac-
teristics. Predominantly, centrifugal compressors are applied in
sCO2 Brayton cycles and, in particular, the main compressor of a
recompression layout is expected to be a radial configuration for
a broad range of system scales due to its lower volume flow and
wider range to facilitate variations in gas properties [8].

Design and analysis methods are sophisticated for centrifu-
gal compressors operating with fluids obeying the ideal gas law.
However, because of the scarcity of reference data, the validity
of respective methods is still uncertain when these are applied to
compressors operating with real fluids. In particular, fluid states
near the critical point are characterised by highly non-linear and
rapidly changing property behaviour. Adressing these issues,
predictive CFD simulations, accounting for thermophysical real
gas properties with a high degree of accuracy, allow for an insight
into the dynamic development of flow field and are therefore an
important tool to improve the aerothermal design and analysis of
sCO2 turbomachinery.

The majority of numerical studies of sCO2 compressors in
the literature refer to a main compressor geometry operated in a
compression test-loop by Sandia National Laboratories (SNL).
The compressor has undergone extensive testing and until to-
day provides one of the very few cases for which experimen-
tal reference data as well as the respective compressor geome-
try is at least partially documented in the form of main dimen-
sions. In one of the first studies related to the SNL compressor,
Pecnik et al. [26] performed 3D RANS calculations of a main
compressor impeller resembling the SNL main compressor de-
sign. A computed speed line indicated higher head generation
compared to the experimental data used for validation purposes.
Deviations were attributed to the simplified geometry not con-
sidering the vaned diffuser and the impeller clearance. Analysis
of the flow field showed thermodynamic states of the flow do-
main lying within the vapour-liquid region. These were identi-
fied at the impeller blade tip suction side and the trailing edge,
as a result of flow acceleration and the decrease of static condi-
tions. In following studies of the research group, the complete
stage geometry, comprising the vaned diffuser and tip clearance,
was modeled. A significant reduction in head generation was
observed for a single operating point compared to the previous
study, giving better agreement with the referenced experimen-
tal data [31]. Performance map calculations conducted for three
rotational speeds in [32] showed that the shares of fluid zones lo-
cated close to the impeller leading edges with state conditions

in the two-phase region increase for higher rotational speeds,
whereas a reversed dependency was observed regarding the re-
gions close to the trailing edges.

Baltadjiev et al. [6] introduced a time scale ratio relating liq-
uid droplet formation time to the residence time of flow under
subcritical conditions in order to quantify the possibility of con-
densation within a low-flow-coefficient sCO2 compressor stage.
For all investigated operating conditions away from the critical
point, the time scale ratio was much smaller than one, suggesting
improbability of condensation. Nevertheless, the authors pointed
out that a time scale ratio of 1 could be reached for operating
points that are more closely located to the critical point, due to
an increased subcritical expansion and asymptotically vanishing
surface tension.

3D RANS simulations of the SNL compressor were also con-
ducted by Ameli et al. [1; 3], who focused on the effects of
lookup table resolution of the applied bilinear interpolation rou-
tine on performance and flow field predictions. It was shown
that higher table resolutions resulted in a better agreement with
experimental data regarding efficiency, whereas the assessment
of pressure ratio proved to be rather insensitive. Especially, the
resolution of near-critical properties was stressed, as the authors
stated that 0.5 % error in the lookup table can have a significant
impact on the performance prediction at close-critical operating
conditions. The authors also showed that higher table resolu-
tions resulted in an increased assessment of flow regions within
the two-phase region because of lower values of speed of sound.

In a preliminary study prior to this work [19], the perfor-
mance as well as the flow field of an impeller geometry re-
sembling the main dimensions of the SNL main compressor
were investigated. Reasonable performance metrics were de-
rived for two compressor inlet states lying in the supercrit-
ical and gas phase region, respectively. A high degree of
machine similitude was observed for compressor operation at
these inlet states through a non-dimensional performance curve
representation. Similar to the observations from the authors
referenced before, the flow field highlighted fluid zones in-
side the vapour-liquid region near the blade leading edge suc-
tion sides due to flow acceleration. These were quantified
by their volumetric share for different flow coefficients. Con-
trary to previously cited authors, who all used bilinear inter-
polation techniques to account for the thermophysical proper-
ties of CO2, property table interpolation was conducted through
the Spline-Based-Table-Lookup Method (SBTL) [20; 21]. The
method indicated low computational overhead compared to an
ideal gas reference calculation while providing accuracies within
the deviation of the underlying state equation, being the Span-
Wagner equation of state [35].

Building on the previous work [19], this study extends the
compressor performance testing to also account for the channel
type diffuser that was not modeled before. This is believed to im-
prove the comparability with the experimental results as a vaned
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diffuser can generally reduce the operating range and also ex-
hibit upstream effects. In order to provide a further reference for
the previous and current performance assessments, a meanline
analysis based on internal and external loss models, originally
qualified for the application with conventional compressors, will
be conducted. In this way, also the applicability of respective
models for the application with regard to CO2 compressors can
be evaluated.

The paper is structured as follows. First, the numerical frame-
work comprising the in-house CFD solver and the real gas tabu-
lation approach as well as the meanline analysis procedure will
be presented. Afterwards, a test case description will be provided
followed by an description of the deduced compressor stage ge-
ometry and numerical setup. Results of the numerical analysis
methods will be compared with each other and to data from the
previous study [19] as well as experimental results reported by
Wright et al. [38; 39] and Fuller & Eisemann [14].

3D CFD PROCEDURE
A density based compressible in-house CPU/GPU hybrid

CFD solver [29] is applied for simulations in this work. The
Navier-Stokes equations

∂tw+div
(

Fa−Fd
)
= s , (1)

complemented by constitutive equations as well as expressions
for thermodynamic state are solved in their Reynolds-averaged
form. Conservative variables, flux terms and source terms are
specified as follows (given for the absolute frame of reference
for brevity):

w := (ρ,ρu,ρE) (2)

Fa :=
(
ρu,ρu⊗u+ pI,ρuH

)
(3)

Fd :=
(

0,τ,u · τ−q
)

(4)

s := 0 . (5)

The applied formulation of the NS-equations for the rotating
frame of reference is given in [27]. The viscous shear stress
tensor and the heat flux vector are defined through Stokes’ and
Fourier’s law for a Newtonanian fluid, respectively:

τ := µ (ρ,e)
(

gradu+(gradu)T −2/3divuI
)

(6)

q :=−λ (ρ,e)gradT (ρ,e) . (7)

Spatial discretisation is performed on structured grids applying a
finite-volume approach. Advective fluxes are discretised based
on a second order AUSM+ scheme [28] utilising a piecewise

linear MUSCL reconstruction [36] and central scheme discreti-
sation is applied for diffusive fluxes. The resulting ordinary
differential equations are integrated in time through an implicit
LUSGS scheme and the Spalart-Allmaras turbulence model [34]
is employed for closure of the RANS equations. Recent solver
applications comprise the thematic fields of non-equilibrium wet
steam [29], including the first LES of a condensing wet steam
cascade [30], humid air [16], and sCO2 [19].

REAL GAS PROPERTY TABULATION

Thermophysical properties of CO2 are derived from
the Span-Wagner multiparameter reference equation of state
(SW-EOS) as well correlations for molecular viscosity and
thermal conductivity given by Laesecke et al. [22] and
Huber et al. [15], respectively. As the SW-EOS is too com-
putationally expensive in the context of a 3D CFD simula-
tion, all thermophysical properties are pre-computed and ac-
cessible in the solver via a software library applying the
Spline-Based Table Look-Up Method (SBTL) [20; 21]. The
SBTL was developed for the fast calculation of thermophysical
properties in complex process simulations. Based on spline in-
terpolation techniques applying lower order polynomials, such
as biquadratic or bicubic spline functions, the SBTL overcomes
fundamental problems adherent to local interpolation routines,
e.g. the most commonly applied bilinear interpolation method.
Unlike local bilinear interpolation, biquadratic spline functions
yield continuous first derivatives. Moreover, biquadratic spline
polynomials can be solved quickly with regard to their indepen-
dent variables. Hence, numerically consistent backwards func-
tions can be calculated, which are faster than those obtained
from the inversion of bicubic polynomials. Furthermore, sim-
ple search algorithms can be applied due to the construction of
splines on piecewise equidistant nodes of transformed variables,
allowing for linearisation.

Tabulation is performed based on density and internal energy
as the independent thermodynamic variables of choice because
these can be directly deduced from the conservative variables:

ρ (w) = ρ, e(w) = ρ
−1
(

ρE− (2ρ)−1
ρu
)
. (8)

The range of validity of the SBTL property library is specified as
follows: 216.59 K≤ T ≤ 1300 K; 0.5 kPa≤ p≤ 100 MPa. Per-
missible deviations of SBTL spline functions are listed in table 1.
These are within the uncertainties of the underlying EOS and
transport property correlations, except at the critical point, where
isobaric heat capacity and thermal conductivity become infinite.

In all simulations, thermodynamically stable states are con-
sidered only, i.e. fluid properties in the vapour-liquid region are
calculated as a homogenous equilibrium mixture.
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TABLE 1: Permissible deviations for the development of SBTL
functions from the reference equation of state by Span and Wag-
ner [35] as well as the correlations for viscosity and thermal con-
ductivity [15; 22]

SBTL function liquid region gas region

p(v,e)
p≤ 2.5 MPa |∆p/p|< 10−5

|∆p/p|< 10−5

p > 2.5 MPa |∆p|< 0.5 kPa

T (v,e) |∆T |< 1 mK |∆T |< 1 mK

s(v,e) |∆s|< 10−6 kJ
kgK |∆s|< 10−6 kJ

kgK

a(v,e) |∆a/a|< 10−5 |∆a/a|< 10−5

λ (v,e)1 |∆λ/λ |< 10−5 |∆λ/λ |< 10−5

µ (v,e) |∆µ/µ|< 10−5 |∆µ/µ|< 10−5

1 The correlation of the thermal conductivity [15] shows
some discontinuities along the T = 1.5 · Tc = 456.1923 K
isotherm. Along this isotherm, the deviations in ther-
mal conductivity are larger than the permissible values but
within the uncertainty of the underlying correlation itself.

MEANLINE ANALYSIS PROCEDURE

The meanline analysis is performed sequentially as well as
iteratively for the stage components and applies a single-zone
modelling approach. A loss model set proposed and validated
by Oh et al. [25] for the application with centrifugal compres-
sors operating with conventional working fluids obeying the ideal
gas law is incorporated in the impeller analysis. Recently, the
loss model set was also utilised for performance calculations
of sCO2 compressors by different researchers and stated to be
applicable [2; 23; 33]. The set was suggested on basis of various
possible combinations of most of the internal and external loss
models in the literature. It accounts for six mechanisms of in-
ternal and three sources of external (parasitic) losses, the latter
giving rise to the impeller stagnation enthalpy without contribut-
ing to pressure rise:

∆ht =WEuler +∑Wexternal (assuming adiabatic flow). (9)

An overview of the applied loss correlations, which are formu-
lated as enthalpy losses, is presented in table A1 for the reader’s
convenience. Also, a schematic h,s-diagram is presented in fig-
ure 1 illustrating the impeller process path and the contribution of
internal and external losses. Complementary to the loss models,
the common slip correlation

σ = 1−
√

cosβ2,bl

Z0.7
bl

(meridional angle system), (10)

based on the formulation by Wiesner [37] is applied in order to
assess the actual work input and deviation angle compared to the
idealised case where the fluid would be perfectly guided by the
impeller blades:

WEuler = u2c2θ −u1c1θ = u2
(
σu2 + c2m tanβ2,bl

)
. (11)

The applied vaned diffuser analysis is based on a modelling
approach presented by Aungier [5]. Three sources of aerody-
namic losses are adopted which are given in a total pressure loss
coefficient formulation

pt4 = pt3− (pt3− p3)∑
i

ω̄i, (12)

and are listed in table A1. The vaned diffuser discharge flow an-
gle is computed by applying axial-flow compressor correlations
transformed to the radial plane. Details are given in [5].

Within the meanline analysis, real gas thermophysical prop-
erties of CO2 are considered through direct calls to the CoolProp
property library [7].

p1t

Δh1t2ts

WEuler

∑ hΔ internal

p1

p2

∑Wexternal

p2t

Δht

h

s

1

2

1t

2t

FIGURE 1: Schematic h,s-diagram illustrating the impeller pro-
cess path as well as internal impeller loss and external loss
contributions

sCO2 COMPRESSOR TEST CASE
The main compressor installed in a sCO2 compression

test-loop which is operated by Sandia National Laboratories [39]
is taken as a reference case. As only main dimensions of the
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compressor are reported, this work investigates a newly gen-
erated compressor geometry resembling the same main dimen-
sions. The SNL main compressor stage comprises a backward
swept impeller with splitter blades and a channel type (wedge)
diffuser. It is designed for operation at a total inlet state that
thermodynamically lies close to the critical point of carbon diox-
ide (Tt/Tc ≈ 1.004, pt/pc ≈ 1.042). The design rotational speed is
specified with 75 krpm and the design mass flow rate is given
as 3.5 kg/s. Expressed through non-dimensional parameters,
the given specifications correspond with a flow coefficient of
φ = 0.037 and a peripheral Mach number of Mau = 0.73. The
SNL compressor was designed by Barber Nichols Inc. on ba-
sis of a surrogate fluid that results in comparable key parameters
based on turbomachinery similarity principles and which can be
more closely approximated by an ideal gas model. It is stated
that this approach provides a way to use existing loss models and
design tools [39].

The SNL main compressor has undergone extensive exper-
imental investigations [14; 38; 39], most notably performance
tests. Because a comparison of numerical results with experi-
mental performance data is subject to this work, knowledge of
the experimental instrumentation and data assessment is impor-
tant to ensure comparability with regard to an appropriate nu-
merical setup and postprocessing of data. Resistance temper-
ature detectors and total pressure transducers were installed at
the stage inlet and outlet. In addition, a static pressure tap was
located at the impeller exit [38; 39]. Hence, reported experi-
mental total-to-static performance data is interpreted to refer to
the impeller. Accordingly, it is stated that isentropic impeller
efficiencies were assessed through meanline analysis codes and
compared to experimental data [38]. Although it is principally
possible to deduce enthalpy and ultimately efficiency from tem-

TABLE 2: Compressor stage main dimensions taken from [39]

Number of impeller main / splitter blades 6 / 6

Inducer shroud radius 9.37 [mm]

Inducer hub radius 2.54 [mm]

Inducer blade angle at tip 50 [deg]

Impeller exit radius 18.68 [mm]

Impeller exit width 1.71 [mm]

Impeller exit blade angle (backswept) -50 [deg]

Impeller blade thickness 0.76 [mm]

Number of diffuser blades 17

Diffuser exit vane angle 71.5 [deg]

perature and pressure measurements in the supercritical state, it
is important to note that enthalpy is extremely sensitive to small
changes of these state variables. As a matter of fact, experimen-
tal efficiencies were derived from electrical power measurements
with corrections for electric and mechanical losses rather than
enthalpy calculations from measured pressures and temperatures
[38]. Note, that the exact positions of the measuring devices were
not reported.

GEOMETRY GENERATION AND COMPUTATIONAL
SETUP

In a preliminary study [19], only the impeller wheel of SNL
main compressor was considered. In this work, the investigated
geometry is extended to account for the full compressor stage
comprising a channel type diffuser. No detailed blade coordi-
nates are publicly reported for the reference case and only par-
tial information on main dimensions is given in [39]. Thus, a
compressor geometry with similar main dimensions is designed
and investigated in this work. All publicly reported main dimen-
sions are listed in table 2 for the reader’s convenience. Addi-
tional geometric data was deduced from part drawings depicted
in [14; 39] and the final compressor design (see figure 3) was
generated through a preliminary compressor design/analysis tool
and its interface to a 3D blade generation module [9; 10].

The computational domain was created with an automated
multi-block structured mesh generator [24] and is reduced to the
consideration of a single impeller and diffuser passage due to
rotational periodicity and the applied mixing-plane rotor-stator
interface approach. Within each blade row, full one-to-one grid
connections avoid the need for interpolation between adjacent
blocks. The mesh size counts approximately 1.5 million cells for
the impeller and 630.000 cells for the diffuser passage. While
free-stream and inter-blade regions are meshed through H-grid
topologies, O-grid topologies are applied at near-blade areas.
The computational grid is shown in figure 2.

Total pressure and total temperature as well as a uniform nor-
mal direction of flow along with a turbulent viscosity ratio are
specified as boundary conditions at the domain inlet. A con-
stant static pressure is defined at the outlet of the vaneless space
prolongation. All walls are treated as adiabatic and the no-slip
condition is applied.
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(a)

(b)

(c)

FIGURE 2: Computational grid (repeated surface representation): (a) Stage view, (b) Impeller main and splitter blade leading edge
region, (c) Channel diffuser trailing edge region

FIGURE 3: 3D model of the compressor stage based on main
dimensions of the SNL main compressor

PERFORMANCE ANALYSIS
In a previous study [19], the performance characteristics of

the impeller wheel were numerically assessed for two distinct in-
let states - a close-critical operating state near the design condi-
tion and a subcritical compressor inlet state in the gas phase, the
latter being potentially relevant during cycle startups [14]. For
both investigated states, almost identical non-dimensional per-
formance curves were derived, indicating a high degree of ma-
chine similarity and thus, high relaxation of the dependency on
the inlet state by applying a non-dimensional representation. In
this work, the performance testing is extended to account for a
configuration including a channel type diffuser and is conducted
at a supercritical compressor total inlet condition at Tt/Tc ≈ 1.03
and pt/pc ≈ 1.05. The candidate state point is depicted in the
T,s-diagram in figure 4, together with an underlaid contour line
plot of the compressibility factor

Z = p/(ρRT ), (13)

indicating the highly non-ideal thermodynamics of the operating
regime.

The performance assessment is conducted at 50 krpm ro-
tational speed as most of the experimental data provided by
Wright et al. [38; 39] and exclusively all of the data given by
Fuller & Eisemann [14] for the SNL reference case were ob-
tained at this rotational speed. Note, that no experimental data
is reported for the design rotational speed at 75 krpm and no ef-
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FIGURE 4: T,s-diagram showing the investigated compressor to-
tal inlet state at Tt = 314 K, pt = 77.5 bar. Contour lines illus-
trate the compressibility factor.

ficiency data is provided by Fuller & Eisemann [14]. Because of
extreme deviations in the experimental inlet states, e.g. account-
ing for variations of total density in the range (344...686)kg/m3

for the data set specified by Wright et al. [39], all reference data
is provided in either corrected or non-dimensional form. The
same set of non-dimensional performance parameters, as applied
in the preceeding study [19], is adopted here for the sake of com-
parison: The ideal head coefficient

ψ = (hi,s−h1,t)/u2
2 (14)

and the total-to-static isentropic efficiency

ηs = (hi,s−h1,t)
/
(h2,t −h1,t) , (15)

are both illustrated as a function of the flow coefficient

φ = 4 ·V̇1/
(
π ·d2

2 ·u2
)
. (16)

Note, that the index i in equation 14 and equation 15 refers ei-
ther to the intrastage (between the impeller trailing edge and the
channel diffuser leading edge) or the stage exit position evalu-
ated at r/r2 = 1.008 and r/r2 = 2.055, respectively.

Figure 5 shows the non-dimensional performance curve
representation of the conducted RANS and meanline calcu-
lations, which are both evaluated at the intrastage and stage
exit position. Additionally, the experimental data reported by
Wright et al. [38; 39] and Fuller & Eisemann [14] as well as re-
sults of the previous RANS study [19] analysing the sole impeller
geometry (followed by some vaneless space) are presented. As
the meanline analysis is applied sequentially, an evaluation at the
intrastage position is analogous to the sole consideration of the
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FIGURE 5: Non-dimensional compressor performance. Experi-
mental data refer to Wright et al. [38; 39]1 and Fuller & Eise-
mann [14]. The latter did not report efficiency data. RANS sim-
ulations of the standalone impeller geometry were conducted in
[19].

impeller.
Comparing both RANS calculations evaluated behind the

impeller exit, a steeper ideal head characteristic is obtained
through a performance assessment of the channel diffuser stage
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configuration. This difference might be attributed to the short
radial distance between the impeller trailing and diffuser lead-
ing edges (measuring merely 0.3 mm) and associated increase of
static pressure due to close locations of stagnation points near
the evaluation plane. Both ideal head curves are noticeably flat-
ter compared to those of the experimental data sets, which might
be owed to geometric disparities between the real compressor
geometry and the investigated design based on similar main di-
mensions. In particular, deviations in blade angle distributions
might affect head generation. Also, differences in the uncertain
data assessment positions could lead to discrepancies, especially
regarding static flow quantities. However, the impeller mean-
line analysis, also conducted on basis of main dimensions, is in
much better agreement with the CFD data regarding the slope of
the impeller ideal head characteristic. This observation is impor-
tant to note because it shows that both numerical methodologies,
which share the same input of data, also show consistent trends
in their output. In particular, good agreement between the im-
peller meanline analysis and the intrastage RANS evaluation can
be observed, indicating the applicability of the associated im-
peller aerodynamic loss models for compressors operating with
sCO2.

With regard to calculated impeller isentropic efficiencies, no
significant quantitative discrepancies can be observed between
the two RANS assessments, which show about ten percentage
points reduced maximum efficiencies compared to the experi-
mental data exhibiting a high degree of scatter by outliers. Note,
that experimental efficiencies were derived from motor power
measurements and corrections for mechanical and electric losses
through correlations, which also entain uncertainties. Because
of the exclusion of external losses in the experiments, external
losses are also excluded within this meanline study. This also
ensures better comparability with the conducted RANS simula-
tions, where these are not assessed. A good agreement with the
experimental flow coefficient value at which the maximum im-
peller efficiency is obtained is noticed for the RANS calculation
evaluated at the intrastage plane. Respective values are in ac-
cordance with the design flow coefficient of the machine stated
earlier. The meanline isentropic impeller efficiency characteris-
tic agrees well with CFD data with regard to its shape, but shows
slightly higher values over the entire flow range and a maximum
efficiency of about 60 %. This can be expected, as only a limited
number of loss contributing mechanisms is assessed through the
meanline approach.

An ideal head rise of 13-41 % is observed in the flow range
of φ ≈ 0.036...0.051 by considering the channel type diffuser in
the RANS simulations conducted in this study. For higher flow
coefficients, the diffuser increasingly fails to provide recovery of
ideal head. The meanline analysis comprising the diffuser shows
about 6-7 % reduced ideal head compared to the RANS calcu-
lations for flow coefficients up to φ ≈ 0.043 and demonstrates a
good agreement regarding efficiency for this flow range. How-

ever, for higher flow coefficients, the applied diffuser model for-
mulation is not able to resemble the abrupt decline in ideal stage
head as well as isentropic efficiency, as indicated by the CFD
analysis. The fact that a rapid decrease of the ideal head or isen-
tropic efficiency characteristic can not be observed in the pro-
vided experimental data indicates that the interpretation of these
data sets being associated with the impeller wheel holds plausi-
ble and likely.

CONCLUSION AND OUTLOOK
In this work, the performance characteristics of a centrifu-

gal compressor stage operating with supercritical CO2 are in-
vestigated by means of 3D RANS simulations as well as a
single-zone meanline analysis procedure applying loss correla-
tions. In order to account for thermophysical real gas prop-
erties, the applied in-house density based compressible CFD
solver is coupled to a software library implementation of the
Spline-based Table Look-Up Method (SBTL) [20; 21] adopted
for CO2 applications. The investigated compressor stage is based
on main dimensions of a test-loop compressor operated by San-
dia National Laboratories. The compressor performance is as-
sessed for a supercritical inlet operation state through a non-
dimensional speed curve representation, which is compared to
experimental data as well as numerical data obtained from a pre-
ceeding study [19], in which only the impeller geometry was
considered.

With regard to the previous study, a steeper impeller head
curve is derived through the CFD analysis considering the com-
plete stage geometry. This indicates a noticeable upstream effect
of the channel diffuser located closely to the impeller trailing
edge. However, impeller efficiencies previously derived on basis
of the simplified geometry considering a standalone impeller are
comparable in quality as well as quantity. The overall trends re-
garding the impeller performance are satisfyingly resembled by
the meanline analysis, which suggests the applicability of the ap-
plied internal loss model set and slip correlation for performance
predictions of sCO2 impellers.

A potential ideal head rise of up to 41 % through the channel
type diffuser is identified by the RANS calculations. However,
this potential diminishes abruptly for flow coefficients exceed-
ing values of φ ≈ 0.043. This behaviour can not be resembled
by the applied diffuser model in the meanline approach. Nev-
ertheless, the meanline analysis provides a good agreement with
CFD data in the flow coefficient range where practical recov-
ery of ideal head is predicted, thus, also suggesting applicability
of respective conventional diffuser loss and deviation models for
CO2 compressors, provided that real gas properties are accounted
for in the general meanline procedure.

Transient simulations of the compressor will be subject to fu-
ture research in order to increase the fidelity of the performance
assessment considering dynamic rotor-stator-interaction.
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NOMENCLATURE
Abbreviations
Avg. average
CFD computational fluid dynamics
EOS equation of state
Exp. experiment
RANS Reynolds-Averaged Navier Stokes
SBTL Spline-Based Table Look-Up Method
sCO2 supercritical carbon dioxide
SNL Sandia National Laboratories
SW Span-Wagner
Subscripts
1 impeller inlet
2 impeller exit
3 channel diffuser inlet
4 channel diffuser exit
bl blading
c critical
i station index
s isentropic
t total
Symbols
ω̄ total pressure loss coefficient
β relative flow angle
V̇ volume flow
ηs total-to-static isentropic efficiency
λ thermal conductivity coefficient
µ dynamic viscosity
φ flow coefficient
ψ ideal head coefficient
ρ density
σ slip factor
τ stress tensor
Fa advective flux tensor
Fd diffusive flux tensor
I identity tensor
q heat flux vector
s source term vector
u velocity vector
w conservative variables vector
a speed of sound
d2 impeller tip diameter
E specific total internal energy
e specific internal energy
H specific total enthalpy
h specific enthalpy
Mau peripheral Mach number
p pressure
R specific gas constant
T temperature
t time variable

u2 impeller tip speed
W specific work
Z compressibility factor
Zbl number of blades
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Annex A

TABLE A1: Set of internal and external (parasitic) loss models

Loss mechanism Loss model Reference

Impeller:

Incidence ∆hinc = σ ·
(

w1θ−w1θ ,bl
)2

2 σ = 0.5...0.7 Conrad et al. [11]

Blade loading ∆hbl = 0.05 ·D2
f ·u2

2 D f = 1− w2
w1t

+
0.75·WEuler/u2

2

w1t/µ2

[
Zbl
π

(
1− d1t

d2

)
+2

d1t
d2

] Coppage et al. [12]

Skin friction ∆hs f = 2c f
L f l
dhb

w̄2 w̄ =
(2w2+w1t−w1h)

4 Jansen [17]

L f l ≈ π

8

(
d2−

d1t+d1n
2 −b2 +2Lax

)(
2

cosβ1t+cosβ1h
2 +cosβ2

)

dhb =
d2 cosβ2

Zbl
π +

d2 cosβ2
b2

+

d2
2

(
d1t
d2

+
d1h
d2

)(
cosβ1t+cosβ1h

2

)
Zbl
π +

(
d1t+d1n
d1t−d1n

)(
cosβ1t+cosβ1h

2

)

c f = 0.0412Re−0.1925; Re = dhbw̄
ν

Clearance ∆hcl = u2
20.6 δcl

b2

c2θ

u2
Jansen [17]

×

√
4π

b2Zbl

[
r2
1t−r2

1h
(r2−r1t )(1+ρ2/ρ1)

]
c2θ

u2

c1m
u2

Mixing ∆hmix =
c2
2

2
[
1+(c2θ /c2m)

2] · [ 1−ε−B
1−ε

]2 Johnston & Dean [18]

External:

Disk friction Wd f = fd f
ρ̄r2

2u3
2

4ṁ ρ̄ =
ρ1+ρ2

2 ; fd f =


2.67

Re0.5
d f

, Red f < 3 ·105

0.0622
Re0.2

d f
, Red f ≥ 3 ·105

Daily & Nece [13],
as quoted by Oh et al. [25]

Recirculation Wrc = 8 ·10−5 sinh
(
3.5α3

2

)
D2

f u2
2 Oh et al. [25]

Leakage Wlk =
ṁcl ucl u2

2ṁ ucl = 0.816
√

2∆pcl/ρ2; ṁcl = ρ2Zbl δcl L f l ucl Aungier [4]

∆pcl =
ṁ(r2c2θ−r1c1θ )

Zbl r̄b̄L f l
; r̄ = r1+r2

2 ; b̄ =
b1+b2

2

Channel Diffuser:

Incidence ω̄inc =

{
0.8
[
(c3−c∗3)/c3

]2
, c3 ≤ c3S

0.8
[(

(c3/c3S)
2−1

)
c2
th/c2

3 +(c3S−c∗3)
2
/c2

3S

]
, c3 > c3S

Aungier [5]

Skin friction ω̄s f = 4c f ,di f f (c̄/c3)
2 LB/dh,di f f/

(
2δ/dh,di f f

)0.25 Aungier [5]

Mixing ω̄mix =
[(

cm,wake−cm,mix
)
/c3

]2
Aungier [5]

Note: Equations are presented for the meridional angle convention. The table nomenclature is given in SI-Units. B: ratio of diffuser inlet depth to impeller tip flow passage depth,
b: width, c: absolute velocity, c f ,di f f : diffuser skin friction coefficient, d: diameter, dh,di f f : average diffuser hydraulic diameter, h: specific enthalpy, Lax: axial length of impeller,
LB: length of blade mean camberline, ṁ: mass flow, r: radius, u: peripheral velocity, W : specific work, w: relative velocity, Zbl : number of blades, α: absolute flow angle,
β : relative flow angle, δcl : clearance gap width, ε: fraction of blade-to-blade space occupied by the wake, µ: dynamic viscosity, ν : kinematic viscosity, ρ: density, (◦)1: impeller inlet,
(◦)2: impeller exit, (◦)3: channel diffuser inlet, (◦)bl : blading, (◦)h: hub, (◦)m: meridional, (◦)S: value at onset of blade stall, (◦)t : tip, (◦)th: throat parameter, (◦)θ : tangential,
(◦)∗: condition at minimum loss incidence angle
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