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1 | INTRODUCTION

Summary

For power production, the emerging technologies of supercritical carbon diox-
ide (S-CO,) cycles show potential advantages if compared to conventional
plants. The current bottleneck in exploiting such cycles is the development of
novel components such as turbomachines and heat-exchangers. This paper
focuses on the layout arrangement and machinery design of a novel power-
block for a 10 to 15 MW supercritical carbon dioxide plant. The applied
design procedure involves 0D and 1D models implemented using an in-house
Fortran code, and 3D computational fluid dynamics (CFD) analyses using
ANSYS-CFX. Novel configurations of the power block were designed, starting
with the same primary thermal source. At nominal conditions, expected over-
all output powers from 13.2 to 16.2 MW were found. Finally, some qualitative
considerations were included in the discussion to compare the analysed

arrangements.
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affordability, and reliability of any service." To do so, it
will be essential to reduce greenhouse gas emissions, not

It is widely accepted that climate change is one of the
largest environmental issues of the twenty-first century.
One of the key challenges it presents is how to achieve a
massive reduction in greenhouse gas emissions — which
are considered to be one of the main contributors to cli-
mate change - while also meeting the world's growing
energy needs, both without affecting the sustainability,

Abbreviations: EXP, expander; GEN, electrical generator; HPE, high-
pressure expander; HTR, high-temperature recuperator; LTR, low-
temperature recuperator; MC, main Compressor; MOT, electrical
Motor; RAMS, reliability, availability, maintainability and safety; RC,
recompression compressor; RCBC, recompression Brayton cycle; SST,
shear stress transport; WF, working fluid; WHRU, waste heat
recovery unit.

only in the power generation sector, which has so far
taken centre stage in any decarbonization plans put for-
ward, but also across several other sectors.” Different
strategies, such as increasing the efficiency of energy con-
version systems, moving toward widespread use of
renewable energy sources, and implementing carbon cap-
ture and storage (CCS) technologies are being explored in
this context.

An emerging technology, based on energy conversion
cycles using Supercritical CO, (S-CO,) as working fluid,
can play a positive role in the strategies mentioned above
and be exploited in different sectors. S-CO, cycles use
carbon dioxide as a working fluid with a compression
process near the critical point of CO,> Motivated by the
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need to increase the thermodynamic efficiency of
Brayton-Joule power cycles, the idea of using S-CO, as
working fluid dates back to the 1960s and the work by
Angelino®” and Feher.*’ As a result of the real gas effects
and low compressibility of CO, near the critical point,
the compression work in the S-CO, cycle is relatively
lower and the cycle efficiency relatively higher when
compared to other conventional cycles. In addition to the
high efficiency, other favourable features that character-
ize this technology, and which open several potential
markets for its application, include®’: near-zero emis-
sions, cost reduction, compactness, high load-flexibility
and possible integration with renewable energy sources.

These advantages have led to an increased interest in
the applicability of the S-CO, technology in the waste-
heat-recovery field, where it is an appealing alternative to
the ORC option.' In this case, the S-CO, technology can
be coupled with a variety of heat sources. Primarily pro-
posed in conjunction with nuclear power reactors’' and
for the concentrated solar power generation,'>'* it has
also shown promise for use with combined cycle power
plants,’*'* with fuel cells'®'” and geothermal power."® In
addition, this application of the S-CO, technology has
potential value in the marine propulsion sector."?

In a S-CO, cycle the working fluid is compressed
(or pumped) up to the maximum pressure and heated to
the maximum temperature in a heat exchanger (Waste
Heat Recovery Unit). It is then expanded in a turbine,
and finally cooled down to close the cycle. Several modi-
fications of the S-CO, cycle to enhance the technical fea-
sibility and the economic attractiveness of the technology
have been proposed and investigated.® One such proposal
is the use of a recuperator, through which a considerable
portion of the heat available at the turbine exit is recov-
ered to pre-heat the compressed fluid before it enters the
waste recovery unit, thus improving cycle efficiency.
However, due to the nonlinear change of physical proper-
ties of CO, near the critical point, this approach may pro-
duce some particular phenomena in the recuperator,
such as the internal pinch point. This has a negative
impact on the effectiveness of the heat exchanger and, in
turn, on the whole cycle performance. Another promis-
ing modification is the so-called Re-Compression Brayton
Cycle (RCBC) configuration. As the name suggests, there
is a Re-Compressor (RC) in addition to the Main Com-
pressor (MC) in this S-CO, cycle configuration, which
means the stream is divided into two parts for the com-
pression phase. In addition, the recuperator is replaced
by two separate heat exchangers: the High Temperature
Recuperator (HTR) and Low Temperature Recuperator
(LTH). After being compressed in the main compressor,
the first stream flows into the low temperature
recuperator; the second stream is first compressed in the

re-compressor, and then injected into the first stream at
the outlet of the low temperature recuperator. The
change in mass flow rate alleviates the internal pinch-
point issue, as it ensures more balanced heat capacities
on the hot and cold sides of the recuperator. A concept
plant scheme of the RCBC in shown in Figure 1.

The supercritical recompression configuration has
received considerable attention in the literature, not only
for its ability to mitigate the internal pinch-point issue,
but also for several additional strengths.® In particular,
the design of turbomachines has been widely investi-
gated, as it is crucial to advancing any R&D efforts
related to this technology. Several studies have focused
on this topic; however, all concern large-scale (100 MW
and over) and small scale (up to 1 MW) cases (eg,”**"),
whereas the medium-size cases have received limited
attention.

When designing a new S-CO, power group unit, it is
of paramount importance to choose the most suitable lay-
out for the turbomachines. Several factors come into play,
including component specifications and related fluid
dynamic and mechanical constraints. Another key aspect
that needs to be addressed is the operational flexibility of
the unit, including fast start-ups and shutdowns. Several
configurations have been proposed, based on both the
aforementioned aspects and the size of the reference
plant. Fleming et al*? give a preliminary classification of
possible options for the selection of machinery layouts
and major components based on plant size. They con-
sider the following aspects: single or multiple shaft lay-
outs; turbines and compressors type (radial/axial
machines, number of stages, shrouded/un-shrouded);
bearings (gas foil, magnetic, hydrostatic, hydrodynamic
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oil); seal technology; control of windage losses; and elec-
tric motor/generator type (permanent magnet, geared
options, synchronous generators). While limited options
were reported for both small (up to 1-5 MWe) and large
(over 50 MWe) scale power blocks, it was noted that sev-
eral alternatives in terms of shaft configuration (single/
multiple), turbomachinery components (radial/axial),
bearings (magnetic/hydrodynamic) and electric machines
(gearbox/synchronous) exist for medium (10-15 MWe)
systems. However, only a handful of studies have exam-
ined closely this variety of options in the design process
of a medium-scale unit.

Kalra et al** consider how a 5 to 10 MWe power block
might be best designed for a RCBC to be installed in a
Concentrated Solar Power (CSP) plant. The following
four feasible layouts were selected based on fluid
dynamic and mechanical considerations, as well as tech-
nology maturity (mainly for compressors, bearings, seals
and electric machines):

1. A direct drive or geared turbo-generator. In such a
configuration both the MC and RC are driven by elec-
tric motors.

2. A geared layout, with the compressor train on one
shaft and the expander on another shaft at a different
speed. Both are connected to the shaft of the electric
machine.

3. A dual-shaft configuration, in which both compres-
sors are moved by the High-Pressure Expander (HPE)
on a high-speed shaft and a power turbine directly
connected to the electric generator. The HPE is aero-
dynamically connected with a power turbine.

4. All the turbomachines on a high-speed shaft with a
geared generator.

The authors do not identify a “best option” from a
techno-economic standpoint, as a down-selection activity
required technical information not yet available. How-
ever, they offer several insightful considerations (e,
advantages and drawbacks of each configuration) and
provided a preliminary design of the power turbine.

A more detailed conceptual design for a 10-MWe
scale power system is presented by McDowell et al.** In
this case, a dual-shaft configuration (as identified in
above list) was selected to favour turbomachinery and
whole cycle efficiency. This system consists of two one-
stage centrifugal compressors (both MC and RC), coupled
with a four-stage axial turbine on a high-speed shaft
(39 000 rpm) and a power turbine spinning at lower
speed (25 000 rpm). A more comprehensive component
design for a 10-MWe system was reported by Heshmat
et al,>> who considered several mechanical issues related
to rotodynamic aspects and selection of bearings,*® as
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well as the availability of suitable high-speed electric gen-
erators. In this study, the following layouts were outlined,
beginning with a single-shaft layout with a geared con-
nection to the generator:

« A mechanically coupled power train with a split gear-
box connected to two twin 5 MWe alternators.

» An electrically coupled power train made of two sepa-
rated shafts. One shaft is for MC and RC compressors
and is driven by an induction motor, while the other
shaft is for the turbine and connected by a gearbox to a
generator.

+ An electrically coupled power train made of three dif-
ferent shafts. The layout is similar to the previous, but
the compressors are mounted on different shafts and
moved independently by two electric motors.

+ A dual-shaft configuration similar to the system pres-
ented above,* but instead with the high-pressure tur-
bine connected to the electric generator and
compressors connected to the low-pressure turbine.

« A three-shaft variation of the previous layout, in which
MC and RC are decoupled and moved independently
by two twin low-pressure turbines.

The study does not identify a best configuration, but
instead considers all to be suitable based on the techno-
logical readiness of mechanical and electric components.

From a thermodynamic perspective, more informa-
tion (although partial) is available in®’ where the authors
give a preliminary design of a three-shaft layout for a
10-MW power-block and in the literature, throughout
which design cases, CFD analyses and preliminary tests
on small prototypes are reported for CO, centrifugal com-
pressors. This literature was considered in the prelimi-
nary design phase of the turbomachines (detailed in
Section 3), despite the fact that it refers to units smaller
than those analysed in this paper.

This work adds to the existing literature by presenting
a comprehensive design exercise for both turbomachines
of a medium-size unit (15 MW). In addition, the study
integrates zero-dimensional (0D), one-dimensional
(1D) and three-dimensional (3D) models, provides an
improved prediction of the turbomachine performance,
and investigates several layouts to determine the optimal
one. The key novelty of this work is its detailed design of
three three-shaft layouts, not found in the previous litera-
ture, which show interesting features for a medium-size
power plant. They were analysed and compared quantita-
tively (in terms of expected performance at nominal con-
ditions) and qualitatively (eg, machinery flexibility at
part load).

The paper is composed of five sections including this
introduction. Section 2 describes the reference power
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plant and potential power-block layouts. Section 3
focuses on methodological approaches adopted for the
preliminary and detailed designs of each component.
Design results are shown in Section 4, which is organized
in several sub-sections - one for each main components
of the power system: main compressor, recompressor and
expanders. Since the designs of the main compressor and
the expanders depend on the power-block layout, these
sub-sections are sub-divided into two parts based on the
reference configuration. A summary of the main results,
concluding remarks and suggestions for further research
activities are given in the final section.

2 | 15MWE POWER SYSTEM
DESCRIPTION

The reference RCBC was designed and optimized from
the thermodynamic point of view for a medium-scale
(10-15 MWe) waste heat recovery unit. This work is a
result of ongoing R&D activities at the Italian National
Agency for New Technologies, Energy and Sustainable
Economic Development aimed at studying and optimiz-
ing novel S-CO, cycles.?® Still in the conceptual phase, at
design conditions this RCBC operates between 75 to
300 bar and 35°C to 650°C. Accordingly, the CO, should
always remain supercritical. The cycle was optimized by
maximizing the overall cycle thermal efficiency (ie, by
maximizing internal heat recoveries with a high- and a
low-temperature recuperator). Main boundary conditions
for the power system (eg, nominal pressures, tempera-
tures and mass flow rates) were derived from the cycle
optimization and, subsequently, inputted into the
machinery design process. Such data are reported in
Table 1.

The unconventional nature of the working fluid, as
well as significantly different thermodynamic conditions
relative to conventional power cycles, lead to a design
problem, which is intrinsically fraught with uncer-
tainties. Three layouts, outlined below and shown in
Figure 2, were considered for the preliminary design of a
power group for the 10 to 15 MWe S-CO, power plant
described above:

« A dual-shaft scheme inspired by the one proposed by
Kalra.®> The MC and RC are mounted on the high-
speed shaft and moved by the HPE, while the power
turbine is connected to the electrical generator
(Figure 2A).

« A three-shaft scheme, in which the MC is a two-stage
centrifugal compressor. The first MC stage is moved at
a lower speed by an independent electric motor to
avoid liquid in the machine in on-design and

TABLE 1 Key data as resulting from RCBC optimization®’
Parameter Unit Value
Main compressor

Mass flow rate (kg/s) 150
Inlet temperature ()] 35
Inlet pressure (bar) 75.3
Outlet pressure (bar) 233.4
Recompressor
Mass flow rate (kg/s) 50
Inlet temperature (§O) 129
Inlet pressure (bar) 76.8
Outlet pressure (bar) 233.4
Turbine
Mass flow rate (kg/s) 200
Inlet temperature ()] 650
Inlet pressure (bar) 233
Outlet pressure (bar) 78.1

off-design conditions. The MC second stage, the RC
and the HPE remain coupled together on the high-
speed shaft. The power turbine is connected to the gen-
erator (Figure 2B).

+ A three-shaft scheme where the multi-stage centrifugal
MC is moved by a dedicated electric motor to improve
the machinery flexibility, while the RC is coupled with
the HRE on the high-speed shaft. The power turbine is
on another shaft at a lower-speed and is connected to
the generator (Figure 2C). A variant of this layout, in
which the multi-stage MC is connected to the power
turbine instead of being installed on a separated shaft,
is reported in Figure 2D.

The design procedure was followed starting with the
simplest concept. The system layout was modified
according to fluid-dynamic and thermodynamic results.

3 | DESIGN METHODOLOGY

The preliminary design for the power-block components
was developed using the procedure described in.*® After
determining possible system layouts, both the rotational
speed and the preliminary configuration of all compo-
nents (eg, radial/axial machines, number of stages for
each component) were selected according to similarity
rules. However, this selection was not definitive. Options
were narrowed down based on constraints related to the
technical readiness of specific components (eg, electric
generators and motors, seals and bearings), the
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FIGURE 2 Power system layouts [Colour figure can be viewed at wileyonlinelibrary.com]

availability of materials, and/or reliability, availability,
maintainability and safety (RAMS) considerations. These
options first informed the 1D preliminary design and,
later, the detailed three-dimensional thermodynamic and
aerodynamic design. For unconventional working fluids
like S-CO,, the design process can be highly iterative: 1D
and 2D models, based on semi-empirical correlations,
can differ significantly from 3D numerical or experimen-
tal results. Therefore, the 1D/2D approach is used to gain
rough information about the component geometry and
fluid-dynamic behaviour. This allows several options to
be quickly compared and, after a preliminary selection,
an initial guess configuration can be subjected to the
CFD analysis.

In the present study, the procedure adopted for the
design of each turbomachine stage is shown in detail in
the block diagram reported in Figure 3. Component
design data and information regarding major geometric
and kinematic parameters, derived from the 0D analysis,
are utilized in the 1D preliminary design. Moreover, spe-
cific mechanical and aerodynamic constraints, as well as
other technical information (eg, materials, bearings, elec-
tric machines and gears), are implemented for each com-
ponent. Preliminary 1D component design aims at
determining the most relevant geometrical dimensions,

as well as average kinematic and thermodynamic vari-
ables at the main stations. Moreover, a rough value for
the major overall performances (exchanged work and
efficiency) can be evaluated to select the best design
options for each component. The 1D design process is
iterative: for ease of reading, such iterations are not
reported in the block diagram (blue block). At this stage,
the tool interacts with specific databases which contain
the working fluid thermodynamic properties and loss cor-
relations for each type of machine. Once a satisfactory
preliminary design is achieved, a detailed 3-D geometry
of the impeller/rotor is created, meshed and analysed at
the nominal point using the commercial CFD software
ANSYS-CFX. If the detailed fluid dynamic behaviour is
acceptable the diffuser/nozzle is designed, coupled with
the impeller/rotor, then analysed. Otherwise, the geome-
try is updated and the procedure repeated. After each
design block, a check is done to verify that the antici-
pated component performances are in line with the
boundary conditions imposed by the initial RCBC optimi-
zation. If such conditions are not satisfied, the geometry
is modified accordingly, at the most appropriate level.

If this procedure delivers a component that meets
plant needs in terms of overall performance, the design is
considered completed.
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FIGURE 3 Design procedure block diagram [Colour figure can be viewed at wileyonlinelibrary.com]

3.1 | OD models

similarity rules based on Baljes's charts.*>*' Such charts
report general information (ie, main geometry parame-

The application of the similitude theory is the first step in ters and performance) for well-designed axial and radial
the component design process. The preliminary selection turbomachines in terms of two independent parameters,
of shaft speed, types of components, number of stages the specific diameter (D;) and the specific speed (ny),
and reference diameters was completed by applying  which are reported in Equations (1) and (2), respectively:
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(2)

D being a reference diameter for the geometric simili-
tude, V the volumetric flow and H the head.

Such charts, as well as their variants in the literature,
were produced by applying the similitude theory. Second-
ary effects, such as compressibility (Mach number), tur-
bulence (Reynolds number) and working fluid reality,
which affect and modify the charts, are neglected in the
first stage of the design process because of the high level
of uncertainty; such effects are taken into consideration
during the 1D analysis, and mainly in the following 3D
detailed numerical study.

3.2 | 1D models

The 1D preliminary design was performed using two in-
house tools — one for centrifugal compressors and the
other for radial-inflow expanders — developed in Fortran
90 for S-CO, turbomachinery. These tools use conserva-
tion equations, relations for the mean-line velocity dia-
grams, and the Euler's equation to perform the design
and evaluate average working fluid thermodynamic
states at the main sections (ie, the inlet/outlet sections of
impeller/rotor and diffuser/nozzle). To estimate stagna-
tion and static thermodynamic properties of the working
fluid, a specific database was set up using REFPROP v9
data.*

Semi-empirical correlations were adopted for the esti-
mation of the slip factor and major losses (ie, aerody-
namic, recirculation, leakage, disk friction).

The slip factor (o) reflects the imperfect working fluid
guidance inside the impeller (centrifugal compressors)
and rotor (radial turbines), which reduces the exchanged
work and modifies the average fluid direction at the
impeller/rotor exit. In design problems, it is applied for
the preliminary prediction of the mean-line exit blade
angle. Stodola's correlation®® was used for compressor
impellers, since most of the recent correlations were
derived experimentally for turbomachines operating with
conventional fluids (air or steam) and there is no evi-
dence in the literature of their reliable application for
unconventional fluids, as the one used in the present case
study. For radial-inflow turbines, the Augier's simplified
equation®* was taken into consideration.

For centrifugal compressors, fluid-dynamic losses
were considered and computed by means of an internal
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efficiency, which is evaluated in terms of ng and Dy,
according to Balje's charts. For radial turbines, fluid
dynamic losses in rotors and nozzles were calculated
using relations reported in*>>° in terms of velocity coeffi-
cients (flow exit velocity divided by isentropic exit veloc-
ity - ¢r and ¢y). Such coefficients were selected in the
conventional range of well-designed radial machines.

Moreover, for compressor stages, other losses were
included in the model. In particular:

« Disk friction losses, which result from the work trans-
ferred by the impeller to the fluid in the secondary
path, between the cover disk and the shroud
[Equation (4)]:

+ Leakage losses related to the recirculation of the second-
ary flow in the impeller passage [Equation (6)]. The gap
between shroud and casing (g) was assumed 0.5 mm.

« Skin friction losses [Equation (10)] and mixing losses
[Equation (12)] were added for stages equipped with a
vaned diffuser.

Other aerodynamic losses in the stationary parts due
to incidence effects and non-uniformity in the velocity
distribution into the path were neglected at this stage,
but considered in detail in 3-D simulations.

In addition to the abovementioned slip factor effect
and fluid dynamic losses, windage losses were evalu-
ated by Equation (22) for radial-inflow expanders'
stages.

All the semi-empirical correlations implemented in
the 1D models are reported in Table 2.

3.3 | CFD models

Once each component was preliminary designed, the
numerical CFD three-dimensional analysis at the design
point was carried out using the commercial-available
software ANSYS-CFX. As the final goal of the analysis
was the estimation of the components’ nominal perfor-
mance, quasi-steady analyses were conducted. To reduce
computational and time efforts, a small number of blade/
vane channels were modelled, taking advantage of the
radial symmetry of the machines. Therefore, periodic
boundary conditions were set.

A structured H—O—H three-dimensional mesh was
generated for both compressors and expanders. Appendix
A reports the major mesh quality parameters (maximum
and minimum face angles, edge length ratio, element vol-
ume sizes) for the final meshes; all were within the rec-
ommended ranges.

For compressors stages equipped with a vaned dif-
fuser or radial turbines with nozzles, a multiple frame
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TABLE 2

Component

Centrifugal
compressors

Radial-inflow
turbines

Slip factor (o)
Fluid-dynamic losses

Disk friction losses®’

Leakage losses™®

Skin friction losses®

Mixing losses*’

Slip factor (c)**

Number of blades Rohlik*!

Rotor friction losses*

Nozzle friction losses®®

Windage losses*

GIOVANNELLI ET AL.

Loss correlations implemented in the 1D tool

Correlations Equation no.
_ Cu sen(fy.)
0= =1 £ )

n = n (ns, Ds) from Baljie's charts

r2trm Dmaxzumaxz

Ahpp = fpp et @
where, fpr = % , Repr <3x%10° (5)
for= 71&22%3 , Repr>3x10°
being Repr the Reynolds number evaluated at the impeller

exit
AhLL = ml/l,zl':'lil.uz (6)
being my the lost mass flow rate and uyy, the fluid velocity

through the seals. uy;, can be calculated as
urL =0,816 % @)

Dacau—Diciu

AP i ©
mrr, = paZc8Llylirr 9
where g is the gap between shroud and casing
Ahge =2C f%gz (10)
where c is the avaraged velocity and Cyis the skin friction

coefficient calculated as

1 2,51
VA€ <ReDh \/a> (1)

1—&wake =2\ 2
By = i () (12)
being eyare = 1— e (13)
Cm,wake = \/ C% _C%u (14)
Cm, mix = c2m52 (15)
6=1—/sinsin f8; /Ng*’ (16)
being
Nr =12+ 0.03 (33 — a3)* @7)
Cr= q%z -1 (18)
R
being ¢y the velocity coefficient
Pr= ‘XZ}I\ (19)
— 1
{n= #1 (20)
being ¢y the velocity coefficient
PN = c(;_zm s (21)
0.56 p, D2 (22

Ay, = 2500 22)

approach was applied; the flow was assumed to be
steady in the proper frame of reference (stationary or
moving). In moving sub-domains, which are not inertial
ones, some additional terms like centrifugal and Coriolis
forces were added into the momentum equation. The
interface between adjacent sub-domains was treated
using the “frozen rotor” technique, which provides a
local coupling between adjacent stationary and moving
sub-domains.

A grid independence analysis was carried out for each
case (impeller/rotor, compressor/expander stage), and
the mesh refined accordingly. Simulations for geometries

discretized in structured meshes refined from 1.5 x 10° to
2 x 10° nodes per channel were carried out. Stabilized
results were found for meshes with 3 x 10° to 4.7 x 10°
nodes in all cases, except for the MC. For such a
machine, which works close to the critical point, a more
accurate geometry discretization was necessary; the grid
independence analysis led to a minimum mesh refine-
ment of 5.5 x 10° nodes per channel.

To perform steady-state 3D viscous flow simulations,
the discretization of Navier-Stokes equations was real-
ized using a high-resolution advection scheme. To simu-
late expanders' stages, the standard k-¢ turbulent model



GIOVANNELLI ET AL.

with scalable wall function was selected. Such a model
is stable and offers a good compromise in terms of accu-
racy and numerical robustness. Several authors have
already applied the k-e model to S-CO, turbine numeri-
cal analysis.*®* Although standard two-equation
models, such as the k-¢ one, provide reasonable predic-
tions for many flows of engineering interest, they could
not provide enough accuracy for the simulation of flows
with boundary layer separation as in radial compressors.
So, the k-¢ SST (Shear-Stress-Transport) model was cho-
sen to model the main compressor and the rec-
ompressor. The SST model accounts for the transport of
the turbulent shear stress and it usually gives accurate
predictions of the flow separation under adverse pres-
sure gradients.****

The properties of the working fluid were determined
by using the Aungier-Redlich-Kwong model.*® This
model is based on a simple cubic equation that requires a
reduced amount of information to be applied (critical WF
properties and an acentric factor). In the formulation
modified by Aungier,* the equation of state is robust and
accurate for fluids close to their critical point, although it
is not applicable for compressed liquids.

A more accurate model was implemented in the case
of the MC using the REFPROP database,** since the
flow could be saturated. If a biphasic mixture appears
locally inside the machine, both liquid and vapour
phases are considered by means of the Euler/Euler
approach. This approach considers a homogeneous mix-
ture of both phases, and - from a numerical point of
view - source terms are added in the Navier-Stokes
equations system to account for mass transfer between
liquid and gas. For the gas phase, instead, only the conti-
nuity equation needs to be specified. More details are
reported in.*’

For each case analysed, the normalized residuals were
monitored and convergence criteria for them were set
lower than 107,

Sensitivity analyses were carried out at the end of the
design process for each geometry which was found suit-
able for satisfying optimized RCBC boundary conditions.
According to detailed fluid-dynamic results, several rele-
vant geometric parameters were varied to allow for the
reduction of local stalls. In particular:

« Number of blades/vanes;

« Thickness and thickness distribution from leading to
trailing edge of blades and vanes;

« Meridional shape of shroud profiles;

« Blades' height at impeller/rotor inlet/exit sections;

« Impeller exit blade angle for compressor stages;

« Absolute inlet angle for expander stages;

oS WILEY-L

+ Blade angle variation through the path at hub and tip
lines (for impellers/rotors).

Numerical results achieved using the above-
mentioned models can be considered sufficiently reliable
for the design of S-CO, radial turbomachines. Previous
literature has demonstrated that conventional numerical
models for turbulence and gas properties, like those
applied in this study, and even simpler ones (eg, Spalart-
Allmaras one-equation turbulence model), can be suc-
cessfully compared with experimental results.** More
attention needs to be paid to performance evaluation of
compressors working close to the critical point. For such
machines, general gas properties need to be replaced with
detailed databases (like REFPROP). If the fluid properties
are calculated accurately, even mean-line models can
yield acceptable results.** The deviation between experi-
mental tests and CFD results can be mainly attributed to
the role of parasitic losses (leakage and disk friction),
which are relevant in small machines for high-density
fluids like S-CO,>° Parasitic losses are not computed in
CFD analysis thus, in this study, they were calculated
separately and considered when evaluating component
performance.

A design process such as the procedure applied in
this study, based on both average mean-line models and
CFD simulations, can provide more reliable results than
those based on a single method because a constant
results comparison can be made. The application of
CFD simulations alone could lead to a performance
overestimation.

In the following section, final results for each compo-
nent of the power-block configurations 2b and 2c
(Figure 3) obtained using the process described in this
chapter are reported and discussed.

4 | RESULTS AND DISCUSSION

The design procedure was, first, applied to the simplest
conceptual configuration scheme reported in Figure 2A.
The MC and the RC are the most challenging compo-
nents and considerably affect the layout and design of
the whole system. One of the main reasons is that the
MC works in transcritical conditions at the inlet section,
and, as a result, the WF properties change dramatically
during the compression process. Accordingly, the final
design of the MC could differ significantly from the pre-
liminary one. A second issue is related to the RC small
mass flow rate (one third of the overall flow); this entails
several concerns for the simultaneous assessment of
major thermodynamic and mechanical design
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constraints. Based on,>! the following constraints were
taken into consideration in the preliminary design of the
COMPressors:

« Geometric and kinematic parameters at the impeller
inlet section (MC and RC stages): the ratio of hub to
tip diameter (y,), the tip blade angle (#,.), and the ratio
of impeller axial to radial length;

« Geometric and kinematic parameters at the impeller exit
section: the ratio of peripheral absolute velocity to impel-
ler speed (stage load coefficient —y,—), the ratio of the
blade height to the impeller diameter, and the ratio of
impeller exit diameter to mean-line inlet diameter (y,);

« Mechanical constraints related to the maximum trans-
missible torque for each stage, which leads to a mini-
mum shaft diameter fixing shaft speed, materials, and
machining techniques. At this stage, rotodynamic and
fatigue effects were neglected.

In this study, MC and RC designs vary significantly
according to shaft speed. Indeed, keeping the machine
pressure ratio constant, the lower the shaft speed, the
higher the number of stages, and the higher the
mechanical torque. The value of the torque poses sev-
eral constraints to the geometry of the impeller inlet sec-
tion. Table 3 shows the suitable number of stages for
MC and RC as the shaft speed varies. Such data were
carried out using Balje's charts. A shaft speed between
15 000 and 35 000 rpm was selected on the basis of the
previous literature. Depending on shaft speed and the
placement of the components, the MC can be a one or
two-stage compressor, while the RC can be a one-, two-
or three-stage machine. Other possible arrangements
were discarded because of mechanical or aerodynamic
issues.

All options reported in Table 3 were designed at the
1D level using the tool CO2DES. Finally, the configura-
tion with the fewest stages and all design parameters in
accordance with the best practice values was designed

TABLE 3  Stage number for each compressor

Free-standing shaft speed [rpm]

30 000 25000 20 000 15 000
External main compressor
MC 1 1 lor2 lor2
RC 1 2 2 3
External recompressor
MC - 1 1 2
RC lor2 2 2 3

and analysed in detail. The tentative shaft speed was set
at 25000 rpm, so a one-stage MC and a two-stage RC
were designed.

41 | Recompressor (RC)

Each stage was equipped with a vaned diffuser. Impel-
lers and diffusers were iteratively designed according to
the procedure presented in Figure 3. The main parame-
ters for the preliminary design of each stage are
reported in Table Bl in Appendix B, while preliminary
1D and final results are compared in Table B2.
Figure 4A shows the final RC first stage geometry and
Figure 4B shows the mean-line velocity contours, while
Figure 5 reports the final second-stage impeller. In addi-
tion, velocity contours for the preliminary and final
second-stage geometries are given in Figures 6 and 7,
respectively. In Figure 6, stalls and eddies are clearly
visible in the preliminary geometry from mean-line to
tip-line. In Figure 7, the local fluid-dynamic behaviour
was significantly improved following the iterative design
process discussed above. As a result, the stall region was
dramatically reduced, increasing the performance of
the RC.

Tables 4 and 5 present the major results (eg, pressure
ratio, internal efficiency, power) for both preliminary and
final geometries at the nominal point. The overall pres-
sure ratio of the RC was not equally distributed between
the stages in the preliminary design. This was due to the
low volumetric flow rate at the second stage, which
imposed several constraints on the impeller geometry.
During the iterative design process, it was possible to mit-
igate the aforementioned aspect, and balance the RC
stages.

4.2 | Main compressor (MC)

A one-stage MC was initially modelled as discussed
above. The preliminary geometry is reported in detail
in.*” Applying the 1D models described in Section 3.1, a
centrifugal stage made of a shrouded impeller and an
unvaned diffuser was designed.

Although the 1D design was successfully completed,
the 3D numerical analysis revealed a relevant CO, liquid
fraction inside the MC impeller close to the elbow
(about 20 wt%) due to high local velocities. The phase
change modified completely the expected WF fluid-
dynamic behaviour inside the MC: supersonic flow,
shock waves, stalls and eddies occurred in the flow path,
reducing dramatically the performance of the MC. In
particular, the nominal pressure ratio and efficiency
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FIGURE 5 RC 2nd stage: general overview (the impeller is
shrouded) [Colour figure can be viewed at wileyonlinelibrary.com]

were significantly lower than expected from the prelimi-
nary 1D analysis. As a result, the MC layout was re-
designed, splitting the overall pressure ratio between
two stages in series.

Two different configurations were considered:

« The two-stage MC layout shown in Figure 2B. In that
configuration, the first stage is mechanically decoupled
from the high-speed shaft and it is moved by an elec-
tric motor at lower speed. The second stage remains
unchanged from the previous configuration. Although
the overall layout is more complex, the lower speed of
the MC first stage can reduce local WF velocities.
Thus, it can avoid the fluid condensation at nominal
conditions. Moreover, the power-group can have more
operational flexibility, since the control system has one

more degree of freedom (the shaft speed of the MC first
stage).

« The layout reported in Figure 2C,D, where the MC is
de-coupled from the high-speed shaft and moved at
low-speed by an electrical motor (Figure 2C) or by the
power turbine (Figure 2D). The 0D analysis suggested
a re-arrangement of the MC on three centrifugal stages
at 7200 rpm to maximize the expected nominal MC
efficiency.

In both cases, MC stages were designed using the iter-
ative procedure described in Section 3. All of them are
centrifugal stages.

4.2.1 | Configuration 2b: two-stage MC
The 3D view of the MC first stage is shown in
Figure 8A, while Figure 9 depicts the blade-to-blade iso-
Mach contours at 20%, 50% and 80% of blade height.
The final configuration did not present remarkable fluid
dynamic concerns from mean-line to tip. A local eddy
was detected at hub-line, in the elbow (Figure 9), proba-
bly connected with secondary flows, as usual in radial
machines. It was not possible to remove completely such
a phenomenon applying the design procedure. Con-
versely, the second stage presented in Figure 8B does
not show remarkable stalls at any streamline
(Figure 10). In Table 4, overall MC performances are
reported for both preliminary and final 3D layouts. Geo-
metrical details are listed and compared in Tables B3
and B4 in Appendix B.
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(A)

FIGURE 6 Preliminary design RC 2nd stage: contours of the relative velocity at 20% A, 50% B, and 80% C blade height [Colour figure
can be viewed at wileyonlinelibrary.com]

(A) (B) (©)

FIGURE 7 Final design RC 2nd stage: contours of the relative velocity at 20% A, 50% B, and 80% blade height C [Colour figure can be
viewed at wileyonlinelibrary.com]|

4.2.2 | Configurations 2c and 2d: vaned diffuser, and a return channel between stages.
Three-stage MC No inlet guide vanes were considered in the design pro-

cess. The three impellers are reported in Figure 11.
tAll the stages in configurations depicted in Figure 2C,  Tables B5 and B6 in Appendix B lists the most relevant
D are centrifugal and made of a shrouded impeller, a  parameters for preliminary 1D designs and final
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FIGURE 8 Configuration 2b: Details of MC final shrouded impellers. A, first stage; B, second stage [Colour figure can be viewed at
wileyonlinelibrary.com]
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Academic

FIGURE 9 Configuration 2b: MC first stage; relative Mach number at 20%, 50% and 80% of the blade height (from left to right) [Colour
figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Configuration 2b: MC second stage; contours of relative velocity at 20%, 50% and 80% of the blade height (from left to
right) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11 Configurations 2c and d: three-stage MC; impeller details A, first stage; B, second stage; C, third stage [Colour figure can

be viewed at wileyonlinelibrary.com]

configurations. As can be noted in Figure 12, the final
shapes provide good fluid dynamic behaviour at design
conditions. Table 5 reports the final performance for
each stage.

4.3 | Expanders

After the compressors were modelled, the expanders
were designed. In the power-block layouts proposed in
Figure 2, the turbine is composed of a high-pressure
expander (EXP1) and a low-pressure turbine (EXP2) con-
nected to the electric generator.

43.1 | Configuration 2b

In Configuration 2b, EXP1 moves the MC second stage
and the RC. Therefore, its design was carried out
starting from the required nominal power and speed at
the nominal mass flow rate. A radial-inflow one-stage
expander was modelled using the aforementioned pro-
cedure. The remaining pressure drop is used by the
power turbine (EXP2). The speed of the EXP2 shaft
was set high enough to minimize the number of stages,
and low enough to reduce disk friction losses and to
allow for a reasonable connection with the generator.
Finally, a one-stage EXP2 was modelled. Figures 13A
and 14A, depict EXP1 and EXP2 rotors, while Fig-
ures 13B and 14B report details of mean-line velocity
contours for the final layouts. While the flow path of
EXP1 did not highlight specific concerns (Figure 13B),
EXP2 showed local stalls. It was not possible to remove
such a fluid dynamic effect completely by means of the
iterative design process. Tables B7 and B8 in Appendix
B give the most relevant parameters for both prelimi-
nary and final configurations, while Table 4 compares

overall performances before and after the 3D CFD
analysis.

43.2 | Configuration 2c

In Configuration 2c, the EXP1 moves only the RC,
since the entire MC is connected with an electric motor
at low speed (7200 rpm). Consequently, the design of
the expanders EXP1 and EXP2 was modified, reducing
the expansion ratio for EXP1 and increasing it for
EXP2. The 0D preliminary analysis suggested a modifi-
cation of the power turbine because of the higher avail-
able pressure drop. Thus, the power turbine was
completely re-designed as a two-stage radial-inflow
machine to satisfy the specifications of the Balje's chart.
In this configuration, the rotors are shrouded and
equipped with unvaned nozzles. Figure 15A shows a
view of the final EXP1 rotor for the configurations
reported in Figure 2C,D. The CFD analysis at nominal
conditions did not highlight fluid dynamic issues at any
streamline (see Figure 15B). Figure 16 provides details
of the EXP2 rotors (first and second stage). As shown in
Figures 17 and 18, the flow cannot follow the channel
profile perfectly. As observed chiefly in the first stage,
incidence losses are coupled with a profile stall. Never-
theless, such phenomena, usual in radial machines, do
not significantly reduce the stage performance (see
Table 5).

In summary, the design results suggest that configu-
rations 2b and 2c-d are feasible from the point of view of
thermodynamics and fluid dynamics. Evaluating disk
friction and leakage losses by equations reported in
Table 2, and mechanical and electrical losses as suggested
in the literature, it was possible to calculate expected
global performance for both configurations at the nomi-
nal point. Finally, Configuration 2b showed an overall
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FIGURE 12 Configurations 2c and 2d: three-stage MC; iso-Mach contours at 20%, 50% and 80% of the blade height (from left to right)
for the three impellers A, first stage; B, second stage; C third stage [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 15 Configuration
2c: A, EXP1 rotor view; B,
relative velocity at mid-span
[Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 16 Configuration 2c: EXP2 rotor views A, first stage; B, second stage [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 17 Configuration 2c: EXP2 first-stage contours of relative velocity at 20%, 50% and 80% of the blade height (from left to right)

[Colour figure can be viewed at wileyonlinelibrary.com]

power output of almost 13.2 MW, which is higher than
the power of the configuration 2c (11.7 MW). This differ-
ence is largely due to the MC arrangement: in the config-
uration 2b the velocity of the high-speed shaft enables a
reduction in the number of MC stages, allowing for the
arrangement of a two-stage machine; conversely, in the
configuration 2c the low-speed shaft leads to a three-stage

compressor. In addition, first and second MC stages need
to be equipped with vaned diffusers and return channels,
which considerably reduce the overall performance of
the MC. The selection of the final layout should also take
into consideration the overall system flexibility. Thus a
careful investigation of the power-block part load behav-
iour will be carried out.
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FIGURE 18 Configuration 2c: EXP2 second-stage contours of relative velocity at 20%, 50% and 80% of the blade height (from left to

right) [Colour figure can be viewed at wileyonlinelibrary.com]

5 | CONCLUSION

The design of power-blocks for S-CO, RCBCs poses sev-
eral concerns. This is due to the novelty of these
machines, which use an unconventional working fluid
(in terms of thermodynamic and transport properties), at
pressures far outside from common gas turbine ranges.
Several advancements have been made for large- and
small-scale systems. For such scales, multi-stage axial
components (compressors and expanders) for large sys-
tems, and compact radial machines for small ones were
designed and, in some cases, tested at prototype level. At
medium scale, the selection of the most relevant parame-
ters (eg, shafts’ arrangement, speed, component types and
number of stages) dramatically affects the overall layout.
Therefore, several power-block layouts are feasible.

In this paper, two power system layouts for an S-CO,
RCBC of ~10 to 15 MW were modelled. Both of them are
innovative compared to conventional gas and steam tur-
bines, as well as to other S-CO, power systems described in
the literature. They were designed from the overall system
layout to the sub-components of each machine by means of
an iterative procedure, which involves 0D, 1D and numeri-
cal 3D models. Starting from almost 22.85 MW (according
to the system isentropic analysis) the power-block
corresponding to configuration 2b is expected to achieve an
overall output power of 13.2 MW. Configurations 2c and 2d
should have an output power of 15.6 MW and 16.2 MW,
respectively. The different output power among analysed
layouts is mainly due to the MC design and supply; in the
configuration 2b, the MC second stage was designed for a

shaft speed, which is a trade-off between RC and MC
requirements. Conversely, in configurations 2c and 2d MC
stages were optimized for a lower shaft speed, reducing
aerodynamic losses in both rotary and stationary parts.
Moreover, the arrangement 2c could be promising in terms
of system flexibility, since the MC is de-coupled from the
high-speed shaft and one more degree of freedom in the sys-
tem control could be added (varying the MC shaft speed).
Therefore, further investigations focused on the off-design
behaviour of the components and of the whole system will
be undertaken to evaluate the best system layout. Compo-
nents' maps will be implemented in the RCBC simulator to
study the flexibility of the power plant and to carry out the
plant off-design analysis.
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NOMENCLATURE

b,h blade height

c absolute fluid velocity

Cf skin friction coefficient

D diameter [m]

g gap between shroud and casing
h enthalpy

H head

Lb Channel equivalent length
m Mass flow rate

n shaft speed [rpm]
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pressure
pressure ratio

gas constant
Reynolds number
temperature
tangential velocity
specific volume
volume flow [m?/s]
relative velocity
Zg, NR blade number

T NS EN@mmET

GREEK SYMBOLS

a  absolute velocity angle
f  relative velocity angle
n efficiency

¢ loss coefficient

p  density

o slip factor

¢ flow coefficient

y  ratio of hub to tip diameter
y  stage load coefficient
® acentric factor
SUBSCRIPTS

c critical, blade

DF disk friction

G impeller

in inlet

is isentropic

LL leakage losses

m meridional

max maximum
MIX mixing losses
out outlet

u tangential component
R rotor

s specific

S stator

SF skin friction

w windage
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APPENDIX B
Recompressor (RC)
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TABLE B2  Results for preliminary and final RC design

First stage Second stage
Preliminary geometry Final geometry Preliminary geometry Final geometry
Impeller
VA 14 10 14 10
P2 (®) 55° 340 580 .
D;,, (mm) 104 114 104 122
hin (mm) 26 29 17 12
Doy (mm) 202 200 198 200
Ny (mm) 9 8 6 5
Vaned diffuser
A 19 19 19 5
Doy (mm) 300 300 383 383

Main Compressor (MC)

TABLE B3  MC preliminary design parameters

Preliminary geometry
First stage Second stage
P1e 0.53 0.44
x 0.39 0.55
b,/D, 0.08 0.06
> 0.33 0.32
" 0.63 0.68
e 2.1 1.8

TABLE B4  Results for preliminary and final MC design

First stage Second stage
Preliminary geometry Final geometry Preliminary geometry Final geometry
Impeller
Zg 15 15 15 15
P2 () 42° 64° 45° 48°
D;, (mm) 116 116 111 111
hin (mm) 25.5 25 32 32
Doyt (mm)] 244 244 200 200
Pt (M) 20 25 12 11
Vaned diffuser No No No No

TABLE B5  Configuration 2c MC: preliminary design parameters

First stage Second stage Third stage
P1e 0.67 0.67 0.67
X 0.51 0.77 0.87
b,/D, 0.034 0.019 0.012
723 0.31 0.27 0.24
v 0.73 0.75 0.75

A2 2.77 2.25 213
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TABLE B6 Configuration 2c Results for preliminary and

final MC design

First stage
Impeller
Zg 15
B2 (®) 17
D;, (mm) 148
h;, (mm) 48
Dy (mm)] 410
Ry (mm) 14

Vaned diffuser  Yes

Expanders

Second stage

15
17
212
27
478

Yes

Third stage

15
22
245
17
522
6.5

TABLE B7  Results for preliminary and final EXP1 and EXP2 design (configuration 2b)

EXP1
Preliminary geometry Final geometry
Impeller
Z, 7 7
Slc () 22 30
D;, (mm) 300 300
h;, (mm) 30 17
Doy (mm) 160 150
Ry (mm) 70 50

EXP2
Preliminary geometry Final geometry
7 7
90 90
450 450
19 18
240 240
39 39

TABLE B8  Results for preliminary and final EXP1 and EXP2 design (configuration 2c)

EXP1 EXP2 first stage EXP2 second stage

Preliminary Final Preliminary Final Preliminary Final

geometry geometry geometry geometry geometry geometry

Impeller

Zg 7 7 14 14 14 14
Zy - - 13 13 13 13
Blc (®) 40 40 90 90 90 90
D;,, (mm) 195 195 690 690 690 690
iy (mm) 20 20 15 15 22 22
Dy (mm) 107 107 324 324 324 324
ot (Mm) 50 50 55 55 55 56
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