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Abstract. This work presents a numerical investigation of the perfor-
mance characteristics, flow field and internal aerodynamic losses of a
supercritical CO2 centrifugal compressor. The investigated compressor
geometry is deduced from main dimensions of a sCO; test-loop main
compressor operated by Sandia National Laboratories. Three-dimensional
CFD simulations are performed with an in-house hybrid CPU/GPU com-
pressible CFD solver. An efficient and accurate real gas property tabula-
tion technique, the Spline-Based Table Look-Up Method (SBTL), which is
particularly optimised for the densitiy based solution method, is coupled
to the flow solver to account for thermophysical properties. CFD simula-
tions are compared to experimental data as well as a 1D-meanline analysis.

Keywords: sCO; - Centrifugal compressor performance - Real gas
CFD and property tabulation - 1D-meanline analysis

1 Introduction

Recently, supercritical CO5 Brayton cycles have gained increasing attention due
to their comparatively high thermal efficiency (~38-50%) at moderate cycle
temperatures (450-600 °C) [1]. This is possible because significantly less com-
pression work is required when compressors are operated near the critical point
with high fluid density. A high fluid density also allows for a compact turboma-
chinery design and an overall small footprint of the respective cycle.
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Besides stable process control and compact heat exchanger design, satis-
factory turbomachinery performance levels leave room for cycle improvements.
Although centrifugal compressor design and analysis is sophisticated for fluids
which show ideal gas behaviour, the applicability of respective methods for real
fluids showing non-linear behaviour, especially in near-critical state, is uncertain.
In this regard, high fidelity CFD simulations, with an accurate thermophysical
property representation, allow for detailed insight into the flow field and promise
to be an effective tool to improve aerodynamic design and analysis.

The most accurate equation of state for COs is given by Span & Wagner
(SW-EOS) [29] and is predominantly integrated into numerical simulations of
sCOy compressors through lookup tables, due to its high computational over-
head. Most noticeably, a sCOs main compressor installed in a compression test-
loop operated by Sandia National Laboratories (SNL) [32,34] has been inves-
tigated through this approach by several researchers. The referenced case is
of great interest and also investigated in this work because rare geometrical
and experimental data is partially documented. In numerical studies related to
the SNL compressor, bilinear interpolation schemes were predominantly applied
to compute properties between discrete tabulated values. These require exten-
sive table refinements in order to capture highly non-linear property behaviour.
According to Ameli et al. [2,4], such refinements are often the cause for simula-
tion instabilities, which can be coped by a labour-intensive initialisation proce-
dure. In this regard, the applied numerical framework based on the application
of biquadratic spline interpolation promises improved simulation stability as well
as desirable computing times.

2 Scope of Research

The numerical framework, comprising the in-house CFD solver coupled to the
SBTL method, is applied for performance as well as flow field assessments of
a centrifugal compressor operating with CO,. The investigated geometry is
deduced from main dimensions of the SNL main compressor, which is designed
for operation near the critical point, and has been experimentally investigated
by Wright et al. [32,34] and Fuller & Eisemann [12]. Beside a near-critical ther-
modynamic inlet condition, also a compressor inlet state in the gas phase is
considered, where the compressor could potentially be operated during cycle
startups. Complementary to the CFD assessments, previously reported in [18],
a 1D-meanline analysis is conducted in this study to provide a further reference
for performance calculations and to estimate as well as separate the contribution
of internal loss mechanisms.

3 Methodology

3.1 Numerical Procedure

The in-house density based compressible CFD solver SharC [25] is applied for
all simulations in this study. The Reynolds-averaged Navier-Stokes equations are
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solved, which are closed by general thermodynamic state expressions as well as
constitutive equations. Governing equations are spatially discretised on struc-
tured grids using a finite-volume approach. A central scheme is applied for dif-
fusive flux discretisation, while advective fluxes are discretised through a second
order AUSM+ scheme [24] using a piecewise linear MUSCL reconstruction [30]. An
implicit LUSGS scheme is utilised for time integration and closure of the RANS-
equations is achieved by applying the turbulence model of Spalart & Allmaras [28].
Recent solver applications comprise the topics of non-equilibrium wet steam [25],
involving the first LES of a condensing wet steam turbine cascade [26], humid
air [14] and sCO, [18].

3.2 Real Gas Property Tabulation

Real gas thermodynamic properties of CO5 based on the SW-EOS as well as
thermal conductivity and viscosity are accessible in the solver via a software
library integration of the Spline-Based Table Look-Up Method (SBTL), specif-
ically developed for fast and accurate fluid-property computations in extensive
numerical simulations [19,20]. The method is based on spline interpolation tech-
niques using lower order polynomials, such as biquadratic or bicubic spline func-
tions. Unlike local bilinear interpolation, biquadratic spline functions provide
continuous first derivatives. Furthermore, biquadratic spline functions can be
solved quickly with respect to their independent variables. In this way, numer-
ically consistent backward functions can be calculated, which are faster than
those obtained from the inversion of bicubic polynomials. Also, simple search
algorithms are applicable as the construction of spline functions is performed
on piecewise equidistant nodes. The permissible deviations are smaller than the
uncertainties of the SW-EOS and the transport property correlations, except for
thermal conductivity and isobaric heat capacity, which become infinite at the
critical point. Throughout the simulations, thermodynamically stable states are
considered only, i.e. fluid properties beyond the saturation curves are calculated
as a homogenous equilibrium mixture in the two-phase region.

3.3 Geometry Generation and Computational Setup

The impeller geometry of the SNL compressor is investigated, which is not pub-
licly reported in all details. Therefore, some main dimensions given in [34], along
with additional part drawings reported in [32,34], were used to design an impeller
with comparable main dimensions. For the sake of simplification, tip clearance
was not considered. A 3D geometric model (see Fig. 1a) was generated through
fixed inputs to a preliminary design-tool and its corresponding interface to a
blade generation module [7,8].

The computational domain (see Fig. 1b) was generated with an automated
multi-block structured mesh generator [22]. Because of rotational periodicity, a
single blading passage comprising approximately 1.7 million cells (max. expan-
sion ratio &~ 2.6, min. skewness angle &~ 19°) and a near-wall clustering was
considered. Constant total temperature and total pressure corresponding to
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Fig. 1. (a) Impeller wheel geometry, (b) Computational domain, (c¢) T's-diagram with
markers corresponding to the investigated compressor inlet total states; state A: Ty =
307 K, pr = 77.5 bar; state B: T = 301 K, p; = 67.9 bar; contour lines show the
compressibility factor.

the two investigated inlet states, which are stated and illustrated in Fig. lc,
as well as a turbulent viscosity ratio were imposed at the domain inlet. A
constant static pressure was defined as the outlet boundary condition. The
imposed outlet static pressure values were (92, 93, 94, 95, 96, 96.5, 96.75) bar
to calculate the compressor performance speedline at 50 krpm rotational speed
for the near-critical total inlet state (state A). For compressor operation at a
total inlet condition in the gas phase (state B), outlet static pressure values of
(78, 78.25, 78.5, 79, 80, 81, 81.5, 81.75) bar were specified to derive the 50 krpm
performance speedline. The no-slip condition was applied at all walls, which
were defined as adiabatic. A routine initialisation procedure was applicable for
the RANS calculations, even for simulations with a specified inlet state close to
the critical point. The solution domain of the first calculation of each speedline
assessment was initialised with spatially linear interpolated values between the
domain inlet and outlet for the cyclindrical velocity components as well as pres-
sure and temperature. These were guessed from initial meanline calculations.
Consecutive RANS calculations were initialised from the solution of previous
converged runs. Compared to ideal gas calculations, which are used as a bench-
marking reference, the coupling of the solver to the SBTL library resulted in a
computational overhead of merely 33%, providing desirable time-efficiency.

3.4 Meanline Analysis Procedure

In this work, a single-zone modelling approach is applied, which incorporates a
loss model set that was suggested by Oh et al. [23] as the most suitable among the
possible combinations of most of the loss models in the literature. The loss model
set was validated by Oh et al. for a variety of centrifugal compressors operating
with working fluids obeying the ideal gas law and also adopted and stated to
be valid for the calculation of the SNL sCO2 main compressor [3,21,27]. For
impeller calculations, six sources of internal losses and three sources of external
losses are distinguished, which are all expressed in an enthalpy (adiabatic head
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loss) formulation and listed in Table 1. External losses, which are also called
parasitic losses, differ from internal aerodynamic losses in that they give rise to
the impeller stagnation enthalpy, but do not contribute to pressure rise:

Ahy = Wouer+ Y Weaternat = Wruier+ War +Wre+ Wik (assuming adiabatic flow).

(1)

In addition to the loss model set, a slip factor correlation

\/COos
- # (meridional angle system), (2)
bl
based on a formulation given by Wiesner [31] is implemented, which is necessary
in order to deduce the actual work input of the impeller blades through the Euler
equation, compared to the case where the fluid would be perfectly guided by the
blades (e.g. if there were an infinite number of infinitesimally thin blades):

WEuler = U220 —u1C19 = Uz (00U + Cop, tan Ba py) (meridional angle system).

(3)
The meanline analysis procedure is implemented in PYTHON and accounts for
the thermophysical properties of sSCO4 by direct calls to the open-source property
library CoolProp [6]. In addition, an ideal gas calculation procedure is available,
that is suitable for performance calculations of centrifugal compressor impellers
operating with conventional working fluids, which obey the ideal gas equation. A
sample validation example for performance prediction capabilities of the latter is
presented in Fig. 2, based on the well documented NASA LSCC air compressor
impeller test case [13].
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Fig. 2. Meanline performance analysis of the NASA LSCC air centrifugal impeller [13]

conducted for design rotational speed on the basis of the real gas and the ideal gas
calculation routine. The stall indication criterion is taken from [5].
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Table 1. Set of internal and external (parasitic) loss models

Loss mechanism Loss model Reference

Incidence Ahine =0 - M 0 =05..07 Conrad et al. [9]

Blade loading ~ Ahy = 0.05- D} - u3 Coppage et al. [10]

Skin friction  Ahyy = 2c;5Li? Jansen [15]

Ly~ I (dy — 2thn — by + 2L,,) (W)

IS o

dny = ﬁ#"j“;"”?

5 =0.0412Re” 1927, Re = dut
Clearance Jansen [15]

2 2
Mixing Bhir = b - [552] Johnston & Dean [17]
s 265, Reqs <3-10°
Disk friction Wa = fo 252 p=de fy =< b, 5 Daily & Nece [11] as
Ry e 23-10 quoted by Oh et al. [23]

Recirculation Wi, = 8- 10" sinh (3.503) D}u3 Oh et al. [23]
Leakage Wiy = Delttarvz Uer = 0.816+/287c1 /05 Ther = p2Znid Ljrtiet Aungier [5]

_ mlracgp—ricig) . 5 _ mitra. f_ bitby
Apa = Zyrbly = 2 b="3

Note: Equations are presented for the meridional angle convention. The nomenclature
is given in SI units. B: ratio of diffuser inlet depth to impeller tip flow passage depth,
b: width, c: absolute velocity, d: diameter, h: specific enthalpy, L.: axial length of
impeller, m: mass flow, r: radius, u: peripheral velocity, W: specific work, w: relative
velocity, Zpi: number of blades, a: absolute flow angle, 3: relative flow angle, ¢: clear-
ance gap width, e: fraction of blade-to-blade space occupied by the wake, n: dynamic
viscosity, v: kinematic viscosity, p: density, (0)1: impeller inlet, (0)2: impeller exit, (0)p:
blading, (o)n: hub, (0)n,: meridional, (o);: tip, (o)¢: tangential

4 Results

4.1 Performance Analysis

Results of the RANS-based performance calculations, previously reported in
[18], and the meanline analysis for the two distinct inlet states are compared to
the available experimental data reported by Wright et al. [32,34] and Fuller &
Eisemann [12] in Fig. 3. The experimental performance data is interpreted to
be associated with the impeller wheel, based on the instrumentation reported
in [32,34] (static pressure tap at the impeller wheel exit) and the statement
given in [32] that impeller wheel efficiencies (given as isentropic total-to-static
efficiencies) were predicted through meanline codes and compared to experimen-
tal data. Because of high fluctuations in inlet conditions, the experimental data
is provided in corrected and non-dimensionalised form. Consequently, a non-
dimensionalised representation is adopted for the sake of comparison through
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the impeller ideal head coefficient ) = (h2s—hs1)/u2 and the impeller total-to-
static isentropic efficiency 7y = (h2¢—he1)/(his—hs1), both plotted against the flow
coefficient ¢ = 4V1/(rd2us). Impeller exit values in CFD calculations are derived
from a radial plane at r/ry & 1.008. This corresponds to the radial position
halfway between the impeller exit radius and the vaned diffuser leading edge
radius in the experimental setup.

Compared to the experimental data at the near-critical operating condition
(state A), the RANS calculations show an overall flatter characteristic with
higher ideal impeller head generation observed for data points at comparatively
high flow coefficients and lower head generation than in the experiments towards
lower flow coefficients. Noticeably, both experimental data sets share a similar
qualitative shape. However, a reduced operating margin towards surge can be
identified in the data set provided by Fuller & Eisemann. Since the experiments
were performed with a channel diffuser, which generally restricts the flow range
compared to a vaneless configuration, the flow range between experiment and
CFD is not directly comparable. Range assessments are also omitted in the
meanline analysis, which is presented for a setup with and without the consid-
eration of tip clearance. Note that external (parasitic) losses are excluded in the
meanline analysis for better comparability with the RANS simulations, where
these are not assessed, and the experiments. For the latter, electric, magnetic and
mechanical power losses estimated through correlations were excluded from the
efficiency calculations, which were based on motor power measurements [32,33].

As a relatively high sensitivity towards input of the parameter ¢ was iden-
tified, which defines the fraction of blade-to-blade space occupied by the wake
in the mixing loss model of Johnston & Dean [17], it is varied for three sample
values for the case without tip clearance. A value of ¢ = 0.45 is considered to be
the most common assumption for centrifugal compressors (based on the com-
mon value of 0.2 for the wake mass fraction y and the model formulation y = €2,
both reported in [16]) and leads to a good qualitative agreement with the RANS
calculations concerning efficiency. However, in case of the head curve, a reduced
value of € = 0.35 leads to better and satisfactory qualitative as well as quanti-
tative agreement with the RANS calculations. The registered peak efficiency in
the RANS calculations is approximately 54.4% and more than ten percentage
points lower than the highest values of the highly scattered experimental data.
Meanline efficiency predictions with € = 0.45 exceed the RANS assessment by
about 5 percentage points. The consideration of tip clearance leads to decrease
of 7 to 14% in head generation and a decrease in efficiency of around 4 to 6
percentage points in the meanline analysis, indicating an influential impact on
compressor performance.

Comparing the datasets of the performance calculations (RANS and mean-
line) for the gaseous inlet state (state B) to those of the near-critical inlet
state (state A), almost no difference can be observed, evidencing a high degree
of machine similarity. The experimental head curve is comparable to those of
the near-critical state, but shows a flatter characteristic and therefore, a better
agreement between experiment and numerics is derived at this operation state.
Overall, considering the high uncertainties of the test case related to the exact
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geometry, knowledge of the exact data assessment positions and stable process
conditions in experiments, reasonable performance metrics are derived that pro-
vide a solid foundation for flow investigations.
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Fig. 3. Impeller performance for the total inlet condition at state A (a, b) and state
B (¢, d) at 50 krpm rotational speed, compared to experimental data of Wright et al.
[32,34] and Fuller & Eisemann [12]. Note: §: clearance gap width; e: fraction of blade-
to-blade space occupied by the wake, see also mixing loss model of Johnston & Dean
[17] in Table 1.

4.2 Internal Loss Distribution Within the Meanline Analysis

The share of each considered loss mechanism in the total internal loss calcu-
lated within the meanline analysis procedure is assessed for both compressor
inlet states and for different flow coefficients in Fig. 4. These calculations were
performed with tip clearance and the commonly applied value of € = 0.45. Both
charts show an almost identical loss distribution, thus supporting the indica-
tion of a high degree of machine similitude, which was illustrated in the non-
dimensional performance maps. Across the entire flow spectrum, tip clearance
losses are identified as a very dominant loss contributing factor, with shares of
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around 40%. This can be attributed to the relatively wide tip clearance gap,
compared to the overall scale of the compact sCOy machine (6/d. = 0.007).
Only for comparatively high flow coefficients, the mixing loss exceeds the clear-
ance loss and explains the high sensitivity of the performance curves towards
empirical inputs of the spatial wake fraction € in these flow regions. While skin
friction losses contribute with a rather constant share of around 10% of the total
internal loss, blade loading losses accounting for secondary flow losses due to
blade-to-blade pressure gradients are expectedly apparent for the low flow coef-
ficient states, which overall are associated with high pressure gradients within
the impeller. Considering incidence losses, it has to be taken into account that
the blade angle distribution at the impeller inlet is not fully documented. Inducer
blade angles were estimated on basis of the only given blade angle at the inducer
tip and velocity triangle relations at design rotational speed (75 krpm), under
the assumption of a constant spanwise meridional velocity and no incidence.

(a) (b)
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Fig. 4. Share of individual loss mechanisms in the total internal loss for different
operating conditions at fixed compressor inlet total conditions at state A (a) and
state B (b) at 50 krpm rotational speed.

4.3 Flow Field Analysis

Most noticeably, fluid zones with thermodynamic states within the vapour-liquid
region can be identified through flow field analysis, previously reported in [18],
for all operating conditions at both of the investigated compressor inlet states
(exemplary shown for a single operating point in Fig. 5a). These fluid regions
are observed to be located near the impeller blade leading edges and at their
suction side (see Fig. 5b), where flow acceleration (see Fig. 5¢) yields decreased
static conditions. Volume fractions of vapour-liquid fluid regions as part of the
entire computational domain were quantified for different flow coefficients and
indicated a maximum share below 0.02% for state A and below 1.1% for state B,
the latter being expectedly higher due to the closer location to the vapour-liquid
region. However, a detailed investigation of the two-phase flow has to account
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for metastable states and non-equilibrium condensation of COs. This will be
subject to extensions of the numerical framework.
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Fig. 5. Flow field assessments for compressor operation at state A and a flow coefficient
of ¢ = 0.041: (a) T,s-diagram with scattered data of the solution domain; (b) Isovolume
of data points inside the vapour-liquid two-phase region near the leading edge of the
impeller main blade; (c) Contour plot of the relative Mach number distribution near
the leading edge of the impeller main blade.

5 Conclusions and Future Works

This work presents a numerical investigation of a supercritical COs centrifugal
compressor performed with an in-house CPU/GPU compressible CED solver and
complemented with a 1D single-zone meanline analysis, based on an enthalpy
loss formulation. Real gas thermophysical properties within CFD calculations
are accounted for by applying the Spline-Based Table Look-Up Method (SBTL),
which was particularly developed for time-efficient and accurate fluid-property
computations in extensive numerical simulations. Benchmarking the computa-
tional speed of the applied methodology against an ideal gas computation indi-
cated a computational overhead of merely 33%. The candidate compressor geom-
etry is based on the geometry of a main compressor installed in a test-loop at
Sandia National Laboratories (SNL). Despite the approximation of geometry,
which limits quantitative comparison against experimental data, reasonable per-
formance metrics are obtained for compressor operation at an inlet state near the
critical point as well as an inlet state in the gas phase, demonstrating the accu-
racy of the applied methodology. A non-dimensionalised representation of the
numerically derived performance parameters shows almost no difference for both
investigated compressor operation inlet conditions in comparison, which is an
indication for a high degree of machine similitude. Referenced non-dimensional
experimental performance data also shows comparability for the two investi-
gated inlet states. These observations suggest that non-dimensionalised sCOq
compressor performance testing could be numerically and practically conducted
at inlet states with less pronounced gradients in thermophysical properties, than
observed at operation close to the critical point. Respective findings could then
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be related to other inlet states through redimensionalisation. However, it has
to be considered that operating states close to the vapour-liquid region might
potentially lead to condensation. As a matter of fact, the resolved flow field indi-
cated fluid regions entering the two-phase region, due to flow acceleration near
the impeller blade leading edges, for all calculations.

The machine similarity is approved by comparison of the almost identical
share of different loss contributing mechanisms on the total internal loss within
the meanline analysis, for both inlet states and at varying flow coefficients. It is
shown that losses due to tip clearance, which is relatively wide compared to the
overall scale of the candidate sCOs machine, are a dominant loss contributing
factor over the entire operating range. These are only exceeded by mixing losses
for high flow coeflicients. However, it is identified that the latter are very sensitive
to an empirical model input factor accounting for the spatial wake fraction, which
limits predictive capabilities.

Overall, the studies within this work prove that the CFD solution method,
particularly tailored for the inclusion of real gas tabulation techniques, in com-
bination with SBTL tabulation is a time-efficient and accurate methodology for
complex CO5 real gas computations in the context of turbomachinery. These
can be complemented with the presented meanline analysis method consider-
ing certain restrictions owed to empirical user input. Future work will focus on
integration of metastable states and the assessment of non-equilibrium conden-
sation. Furthermore, the geometry will be extended to account for the channel
diffuser in order to improve the prediction capabilities regarding the compressor
operating range.
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