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ABSTRACT

The design of a centrifugal compressor for supercritical carbon dioxide (sCO,) power cycle must
account for non-ideal gas effects and the possible occurrence of two-phase flows. Shape optimization
techniques combined with computational fluid-dynamic (CFD) simulations can produce optimized
designs while inherently coping with the peculiar flow characteristics near the thermodynamic critical
point.

This work presents the first shape-optimization attempt of such non-conventional compressors. The

compressor stage includes the impeller and the vaneless diffuser and starts the compression close to the

critical point. The impeller blade angle distributions and meridional channel are parameterized with

Bezier control points, which grant a local shape control within the optimization routine. The pinch of

the vaneless diffuser is optimized as well. The validated CFD solver accounts for both non-ideal effects 101
and two-phase homogeneous flows under the assumption of thermodynamic equilibrium and barotropic

fluid. The constrained optimization problem is solved with genetic algorithms. To reduce the

computational cost, surrogates for the objective function and constraints are trained over a limited

number of CFD results. The surrogate accuracy is improved throughout the optimization process by

adding optimal stage geometries to the initial training samples.

The optimized geometry shows an appreciable efficiency increase (0.7 percentage points) while
delivering the design pressure ratio. Although performing better in the design condition, the operating
range of the compressor is altered by optimization. This finding leaves the door open for future
optimizations that include both design and off-design operating points in the definition of the objective
function and constraints.

1 INTRODUCTION

The use of carbon dioxide operating in thermodynamic supercritical conditions (sCO>) as working fluid
in closed gas cycles offers the opportunity to exploit multiple classes of hot sources alternative to fossil
fuels, ranging from nuclear energy to concentrated solar power and waste heat from industrial processes,
owing to the expected higher efficiency and smaller plant footprint with respect to conventional
configurations such as steam or organic Rankine cycles. Moreover, sCO, power systems also benefit
from compactness, thanks to the high density of the working fluid, which ultimately offers the
opportunity for effective control of the dynamics of the plant.

A key component of sCO, power systems is the main compressor, which is usually centrifugal due to
the typical low volumetric flow rates and operates close to the thermodynamic critical point. The
corresponding compression process allows for a significant reduction of the work required thanks to the
liquid-like properties of CO, in these thermodynamic conditions. However, the large departure from
the ideal-gas thermodynamics (Pecnik et al., 2012; Baltadjiev et al., 2015; Ameli et al., 2018), as well
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as the potential occurrence of two-phase flows (Lettieri et al., 2015; Hosangadi et al., 2019; Persico et
al., 2021), pose challenges in the aerodynamic design of impeller blade and meridional channel. The
set-up of reliable design tools that comply with the above non-ideal effects is crucial to accelerate the
development and the success of the entire technology.

Most of the studies available in the literature analyze the aerodynamics and thermodynamics of the flow
within the machine or discuss the validation of computational tools for compressor flow analysis.
However, few works (see, for example, Pelton et al., 2017) focus on the design process of such non-
conventional machines. In the present study, we propose automatic shape optimizations as a means to
design sCO; centrifugal compressors. Leveraging a validated computational fluid-dynamic (CFD)
solver, which provides an accurate representation of thermophysical fluid properties and accounts for
the onset of two-phase flows, shape optimization has the potential to unveil new design paradigms for
sCO, compressor stages.

2  BASELINE GEOMETRY

The baseline machine is a single-stage centrifugal compressor that was designed from scratch for the
inlet total conditions of Py; = 85 bar and Ty; = 305 K and has to provide an outlet pressure of
250 bar. The compressor stage includes a shrouded impeller and a vaneless diffuser. The main design
parameters are: ¢y, = 0.04, ¢, = 0.20, M,, = 0.70, and A = 0.625. The impeller has 8 main blades
and 8 splitter blades resulting from blade loading considerations. The meridional channel, the blade
angle distribution, and the thickness distribution for the main impeller blades are reported in Figure 1.
The splitter blade is obtained by cutting the blade angle distributions at a specified normalized
meridional coordinate 7 and applying the same thickness distribution as the main blade. The splitter
for the baseline geometry starts from m = 0.2.

1 (b) () ———
0.7 4
(a) =207 )
60
30 0.6 1
50
g —_ ~
E ) 8‘3 -40 \ E 0.5
g i / S \ £
= (Q -~
30 / =50 1 / \ 0.4
20 —/ -60 031
20 -10 0 '
z (mm) . ' ' ' i
0.0 0.5 1.0 0.0 0.5 1.0
m m

Figure 1: Baseline impeller geometry. (a) meridional view. (b) blade angle distribution. (c) thickness
distribution. (d) three-dimensional view.

The performance estimates are determined based on steady RANS simulations. The RANS equations
are solved with the Ansys-CFX finite-volume flow solver, using high-order numerical schemes for both
inviscid and viscous fluxes. Turbulence effects are introduced by resorting to the k — w SST model
assuming a fully turbulent flow.

A specific feature of the present model refers to the representation of the non-ideal thermodynamics of
the fluid. This is crucial for the proper modeling of turbomachinery operating with sCO,, whereby the
proximity to the critical point originates a large departure from ideal-gas behavior. In particular, the
thermodynamic description of the fluid is modeled here by resorting to the Span-Wagner equation of
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state. However, the challenges of simulating the flow in technically-relevant sCO, compressors are also
related to two-phase flows: the proximity of the inlet compressor state to saturation might indeed trigger
phase change processes that need to be taken into account in the simulation model. In this work, we
make use of a barotropic model, which belongs to the class of homogeneous equilibrium models (HEM),
in which the thermo-physical properties (density and dynamic viscosity) of the fluid are assumed only
depending on pressure. The barotropic relationships p = p(P) and u = u(P) are generated along the
isentrope at the impeller inlet section for each thermodynamic state. The barotropic model was first
proposed for application to sCO, compressors by the same authors (Persico et al., 2021), and it was
subsequentially validated against experimental data of a MW-scale sCO centrifugal compressor
prototype by Toni et al. (2022).

The computational mesh was generated with Ansys-Turbogrid. To reduce the computational cost per
simulation, which is critical in shape optimization tasks, periodic boundary conditions are exploited.
Therefore, the computational domain includes a single-blade passage containing the main blade, the
splitter blade, and the vaneless diffuser. Other components, such as the volute and the sealings, are
omitted to limit the computational cost. After a grid-dependence analysis, a mesh composed of 1.7
million cells was adopted. The resulting grid convergence index for the total-to-total efficiency nr is
0.3%.

Calculations were performed assigning the total state at the inlet. The flow rate was imposed at the
outflow, except close to choked-flow conditions, for which an average static pressure was assigned.
No-slip boundary conditions were imposed on the solid walls. As the flow domain is rotating with the
impeller, a counter-rotating velocity was assigned at the endwalls of the vaneless diffuser. Considering
the high Reynolds number (~ 10%) as a consequence of the low kinematic viscosity of carbon dioxide
in supercritical conditions, the assumption of hydraulically smooth surfaces is not appropriate and,
hence, wall roughness (kg = 5 um) and corresponding wall functions are specified.

The CFD simulation returns a yy = 92.2%, 1 = 0.625, and an outlet total pressure of 266 bar. This
value of total pressure is sufficient to meet the cycle target of 250 bar while accounting for the losses
in additional components (e.g., volute) and the dissipation of the residual kinetic energy.

3 SHAPE OPTIMIZATION

3.1 Shape parameterization

To perform the shape optimization, the baseline geometry needs to be parameterized with a finite
number of control points, which becomes the design variables. This task is accomplished by
parameterizing the meridional channel and the blade angle distribution with Bezier control points as in
Figure 2. Four control points are used to reproduce the meridional hub contour {M},;}, the meridional
shroud contour {M;}, the hub blade angle distribution {Bh j}, and the shroud blade angle distribution
{Bsj}, with j =1, ..., 4. Not all these design parameters are independent: (i) the trailing edge is cut at
the same radial coordinate, therefore the last control point of the hub contour follows the displacement
of My,, and (ii) the outlet blade angle does not change along the span, hence a single control point B,
is considered for both the hub and the shroud distribution. The thickness distribution is not modified
throughout the optimization not to compromise the mechanical integrity of the impeller. In general, the
splitter blade may follow a different blade angle distribution with respect to the main blade; however,
to reduce the number of design variables, the splitter follows the main blade distributions, and the only
design parameter is the meridional coordinate at which the main blade is cut (S). Finally, a front-pinch
is considered for the vaneless diffuser, and the diffuser pinch ({) and the radial coordinate at which the
straight part begins (§) can be both objects of the optimization. The vaneless diffuser extends up to
R; = 1.6 R,.

Overall, 17 design variables are considered for the shape optimization problem, of which 7 are related
to the meridional channel, 7 control the blade angle distribution, 2 parameterize the vaneless diffuser,
and 1 is for the splitter. Table 1 reports the design space for each of these design variables.
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Figure 2: Centrifugal compressor stage parameterization. (a) meridional channel. (b) blade angle
distribution. (c) vaneless diffuser.

Table 1: Design space identified by 17 design variables.
Mhl MhZ Mh3 Msl MSZ MsB Ms4 S
Max | 3.0mm 20mm 30mm 30mm 30mm 20mm 20mm 045
Min | -3.0mm -2.0mm -3.0mm -3.0mm -3.0mm -20mm -2.0mm 0.15
Bni Bn, Bns Bs Bs, Bgs B, s ¢
Max | 2.0deg 3.0deg 3.0deg 2.0deg 3.0deg 3.0deg 3.0deg 0.20 1.00
Min | -2.0deg -3.0deg -3.0deg -1.0deg -3.0deg -3.0deg -3.0deg 0.10 0.60

3.2 Surrogate-assisted evolutionary strategy

The optimization problem aims at maximizing the total-total efficiency nrr of the stage. Moreover,
three constraints are considered, involving the work coefficient 4, the absolute flow angle a3 at 1.2R,,
and the mass imbalance m;,,;, of the solution. The first two constraints follow aerodynamic
consideration. The work coefficient is constrained because the optimal compressor has to provide the
required pressure ratio. The absolute flow angle cannot exceed 67 deg (measured from the meridional
direction) to keep a safe margin from the onset of instabilities in the vaneless diffuser thus guaranteeing
a wide operating range. The last constraint about the mass imbalance is included explicitly in the
optimization routine to discard solutions that are characterized by a bad convergence. Therefore, the
optimization problem reads as:

max nNrr (1.1
s.t. 0.62<1<0.63 (1.2)
60 deg < a3 < 67 deg (1.3)

[Mimp| < 0.1% (1.4)

The constrained optimization problem is solved with the genetic algorithm (GA). As the GA requires
many evaluations to converge, a surrogate strategy is adopted to reduce the computational cost,
leveraging the surrogate-assisted strategy implemented in the in-house optimizer FORMA (Persico et
al., 2019).
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Figure 3 summarizes the optimization workflow. At first, 170 stage geometries are generated within the
prescribed design space with Latin hypercube sampling. The objective function and the constraints are
calculated with CFD simulations as detailed in section 2. The mesh is regenerated each time using the
grid-convergent set-up described before. Four distinct Kriging, one for each objective
function/constraint, are introduced as surrogates of the CFD simulation. The employed Kriging models
have up to second-order monomials of the input variables as the mean trend and incorporate a Gaussian
correlation function. The Kriging hyperparameters are determined by maximum likelihood estimation.

Design of
Experiments

GA

optimization

I IO

I r

Kriging
interpolation

/

7\
/

Naero

assessment,

Nacros A
—
L | Y

Figure 3: Flow chart summarizing the surrogate-assisted shape optimization strategy.

Once the four Kriging predictors are obtained, the GA optimization is executed on surrogate responses.
The so-identified optimal stage geometry is assessed with CFD, and new Kriging predictors are re-
generated on all simulated cases, namely the initial design of experiments plus the simulated optimal
geometries selected by the surrogate optimization. In this way, the surrogate reliability progressively
increases by adding geometries close to the expected optimal region. The optimization procedure is
repeated until convergence, i.e. the surrogate optimization converges to the same optimal geometry of
the previous iteration.

3.3 Optimal geometry

The convergence history of the optimization is shown in Figure 4. It reports the convergence after the
first surrogate training on the design of experiments obtained with Latin hypercube sampling. In the
initial design pool, there are no geometries that can outperform the baseline while satisfying all the
constraints. Looking at the convergence history, the mass imbalance does not affect the convergence
process. Except for a few solutions, most of the simulations have negligible values of mass imbalance
between the inlet and the outlet section. Meeting the targets for A and a3 is more critical, especially the
latter. Apparently, the best efficiency is obtained for absolute flow leaving the impeller with a more
tangential direction. The optimal solutions are found close to the upper limit of the az-constraint (67
deg). The increase in the absolute flow angle will have a detrimental effect on the machine operation at
low flow rates (left limit of the operating curve). As a result, the optimal compressor stage shows a
Nrr = 92.9%, with an increase of 0.7 percentage points from the baseline value, while satisfying the
imposed aerodynamics constraint, namely 4 = 0.629 and a3 = 66.7 deg.

Figure 5 compares the baseline and the optimal impeller geometries. The main changes in the
meridional channel are localized at the hub, whose curvature is slightly increased. Then, the backswept
of the blade is reduced, shifting the entire shroud blade angle distribution to more meridional values.
Moreover, the splitter length is increased to further reduce the aerodynamic loading in the front part of
the blade, which has been increased as a consequence of the higher work coefficient. At the same time
the splitter length does not increase the blockage in the impeller inlet area to prevent the onset of
choking. It is interesting to note that the optimization has changed the front part of the shroud blade
profile, which is typically the most critical region where most of the diffusion occurs. In this region,
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there is also a two-phase supersonic pocket, as highlighted in Figure 6 by the sudden increase in the
Mach number. This two-phase region is slightly increased for the optimal stage because of the positive
incidence that results from a more meridional inlet blade angle. However, in this way, the flow
detachement on the blade suction side is considerably reduced, motivating the path followed by the

optimization to increase the total-total efficiency.

The complete list of optimal design variables is reported in Table 2. From this table, it can also be
observed that the optimal stage has a vaneless diffuser with a pinched section that extends up to 1.18 R,
and reduces the outlet blade height by almost 20%. Interestingly, the optimal values for some variables
are found at the extreme boundary of the associated design space, suggesting that there may be space
for further improvement by enlarging the design space. In particular, the shroud blade angle distribution

would shift to a more meridional direction.

e CFD Values == Optimum —-=—= Baseline

0.930 ‘ = 70.0 v
0.925 A B3
& & 65.0
0.920 -
0.915
0.66
0.64 1 ¢ 2
= S
0.62 £
0.60 . . ; -0.50 " i ; .
0 50 100 150 200 0 50 100 150 200
iteration iteration

Figure 4: Convergence history. The filled mark indicates a geometry that satisfies all constraints. The
void mark indicates a geometry for which at least one constraint is not satisfied.
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Figure 5: Baseline (cyan/blue) and Optimal (red/orange) impeller geometries. (a) meridional view.
(b) blade angle distribution. (¢) blade-to-blade view at hub. (d) blade-to-blade view at tip.
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Table 2: Optimal design variables. Variables marked with * means that the optimal solution is found
at the boundary of the associated design space.

Mpy Mhz* Mps Mgy Mg, Mg3 Mg,y S
Opt| 2.6 mm 20mm 06mm 03mm -0.lmm -1.9mm -0.5mm 0.16

Bny Bp, Bps B, * B, * Bgs* B, 5 ¢
Opt | -1.6deg -1.3deg 2.5deg 2deg 3 deg 3deg 2.5deg 0.18 0.79

Baseline : Optimal

M

0.0

Figure 6: Mach number fields at tip section (90% blade height) for baseline and optimal stages.

As the last analysis, it is worth investigating the variation in the operating range after the optimization.
The performance map across the flow range at the nominal rotational speed is reported in Figure 7. Both
the right and the left limits are changed as a result of the optimization.

On the one hand, the left limit, which identifies the minimum mass flow rate without incurring
compressor instability, is moved towards a higher flow rate in the optimized case by almost 10%. This
increase in minimum flow rate can be explained in light of the higher work coefficient, which requires
a larger flow diffusion. It is worth highlighting that the identification of the left limit with RANS
simulations is not accurate, as the instabilities are inherently time-dependent phenomena and also
depend on the machine-plant interaction. For the present analysis, the limit was set based on numerical
consideration, i.e. when the simulation is not able to converge to a steady solution (oscillations in torque
larger than 2%).

On the other hand, the right limit, which identifies the maximum mass flow rate before choked-flow
conditions, is increased by 8%. As discussed in previous works (Persico et al. 2021; Toni et al., 2022),
sCO; compressors are prone to an anticipated choking due to the sudden drop in the speed of sound for
the two-phase flow mixture The choked-flow conditions occur similarly between the baseline and the
optimal. The larger swallowing capacity of the compressor is a result of the larger flow passage area at
the throat given by the hub curvature increase.

o——— Bascline o———o Bascline
e———= Optimal e———= Optimal
0.940 0.750
0.920 0.700
0.900 0.650
~
= ~
= 0.880 0.600
0.860 0.550
0.840 0.500
0.6 08 1.0 12 1.4 0.6 0.8 1.0 1.2 14
¢/ba ®/ba

Figure 7: Efficiency (left) and work coefficient (right) curves over the flow range for baseline and
optimized stage geometries.
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4 CONCLUSION

This work discusses a first shape-optimization attempt for sCO, centrifugal compressor stage. The
baseline stage is a single stage that provides an overall pressure ratio of about 3 starting from the
upstream total conditions Py; = 85 bar and T;; = 305 K. The baseline shape is parametrized with a
number of Bezier curves for the meridional contours and the blade angle distributions. The geometrical
parameterization also includes the length and the extent of the vaneless diffuser pinch and the initial
splitter meridional location for a total of 17 design variables.

The shape optimization method is applied to optimize the baseline total-total efficiency while
constraining the work coefficient and the absolute flow angle at the impeller outlet. The optimization
converges to a new compressor shape that is more efficient (+0.7 percentage points in total-total
efficiency) and satisfies the imposed constraints. As a side effect, the operating range of the compressor
changes, with a reduction in the surge margin and an increase in the right limit. This finding leaves the
door open for future optimizations that include both design and off-design operating points in the
definition of the objective function and constraints.
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