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A Modified Loss Breakdown
Approach for Axial Turbines
Operating With Blended
Supercritical Carbon Dioxide
In this paper, amodified loss breakdown approach is introduced for axial turbines operating
with supercritical carbon dioxide (sCO2) mixtures using computational fluid dynamics
(CFD) results. Loss breakdown analysis has been previously developed using two
approaches, however each approach has its own uncertainties. The first approach neglects
the effects of the cross-interaction between the different loss sources, while the second
approach ignores the potential changes to the boundary layer thicknesses and the loss
source domains. Although the secondmethodology accounts for the interactions between the
different loss sources, it may produce less accurate predictions for compact machines like
sCO2 turbines where the boundary layer may dominate the flow passage. The proposed
methodology aims to obtain the turbine loss breakdown using a single CFDmodel where all
sources of aerodynamic loss coexist, while considering variable loss regions defined based
on the velocity and entropy distribution results. A steady-state, single-stage, single-passage,
three-dimensional numerical model is setup to simulate the turbine and verify the loss audit
methodology. The results are verified against the published loss audit methodologies for a
130MWaxial turbine operatingwithCO2/C6F6 blend, designed using an in-housemean line
design code. The results show a good agreement between the proposed approach and the
multiple-model approaches from the literature. However, the existing approaches appear to
overestimate endwall losses by 13–16% and underestimate the profile losses by 11–31%
compared to the proposed approach. Compared to the Aungier mean line loss model, large
differences in loss sources are observed from the CFD results, especially for the stator and
rotor endwall losses which are found to be 3.2 and 1.6 times the CFD values, respectively.
This helps to indicate limitations in existing mean line loss models.
[DOI: 10.1115/1.4062478]
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1 Introduction

Power cycles based on supercritical carbon dioxide (sCO2), and
sCO2 blends, have been proposed as promising candidates to
increase the efficiency of concentrated-solar power (CSP) power
blocks, and are being considered for next generation CSP plants [1].
Owing to the thermodynamic properties of CO2, and CO2 blends,
sCO2 turbines are characterized by a small machine size due to the
high density of the working fluid and the low pressure ratios of the
cycle. This leads to compact machines, with potentially lower
installation costs [2]. However, the design of sCO2 turbines poses
interesting design challenges associated with the compact turbine
design, the high density and low kinematic viscosity of the working
fluid [3]. Improving the performance of turbomachinery compo-
nents is therefore a key aspect in realizing a successful power plant
design to achieve the highest possible cycle efficiency and in order to
minimize the levelized cost of electricity (LCOE). In this respect,

understanding and being able to quantify sources of aerodynamic
loss within axial turbines provides an important means to attain the
best power cycle performance.
Principally, turbine design and performance analyses take place

through multiple sequential phases starting with preliminary
aerodynamic turbine design and optimization, followed by three-
dimensional (3D) blade geometry generation, aerodynamic analysis
using computational fluid dynamics (CFD) and finally, blade shape
optimization based on the 3D numerical model results [4]. The
available mean line design loss models are developed and calibrated
for traditional working fluids (i.e., steam and air [5–8]) and therefore
they may introduce uncertainty into the design process. Therefore,
obtaining the loss breakdown using numerical models is important
to better understand the aerodynamic behavior of turbines operating
with sCO2 and sCO2 blends and to provide an assessment of existing
mean line methods.
Axial turbines are characterized by numerous aerodynamic loss

sources such as tip clearance, secondary flow, endwall, profile,
trailing edge, incidence, partial admission, shock wave, and mixing
losses. According to Langston [9], secondary flow losses are defined
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as undesired flow streams causing turbulence and vortices which
increase the stage pressure loss. Endwall and profile losses are
similar to secondary flow losses, but originate from the boundary
layers that develop on the endwalls and blade walls, respectively.
Tip clearance leakage is critical, especially in high reaction stages
because the pressure difference across rotor blades can be significant
[10]. Additionally, tip leakage induces vortices that interact with the
secondary flowdownstream the blades. The trailing edge losses, also
called mixing loss [11], are formed due to the sudden change in the
flow passage area in the streamwise direction downstream of the
trailing edge. Denton and Xu [12] suggested that the trailing edge
loss is minor and can be neglected in subsonic flows, although it
increases significantly as the flow becomes supersonic.
Numerous studies have focused on introducing and implementing

techniques to estimate aerodynamic loss breakdown using CFD
simulations for different working fluids like air, sCO2 and organic
fluids. To express themagnitude of different aerodynamic losses, the
entropy increase (Ds) is commonly used. One of these approaches is
based on defining the axial distribution of mass averaged entropy
from inlet to outlet and attributing different intervals along the
streamwise location to different loss sources [13]. Another approach
evaluates the change in entropy across the turbine stage by the
elimination of one, or more, loss sources using a set of sequential
CFD simulations [14]. Yoon et al. [14] applied this method to the
loss audit analysis of an axial gas turbine stage where the working
fluid was modeled as an ideal gas. It has been found that the trailing
edge losses are dominant, accounting for more than one-third of the
total aerodynamic losses. In comparison, De-Servi et al. [11], Keep
and Jahn [15], and Wheeler and Ong [13] evaluated the loss
breakdown of radial-inflow turbines operating with the siloxane
MM, sCO2, and n-pentane, respectively. However, these models
neglect the interaction between different sources of loss when one or
more loss sources are eliminated from the simulations. Further
details related to these techniques are described in Sec. 2.1.
Entropy generation rate is another approach introduced by Pullan

et al. [16] to represent the energy generated fromeach domain element
per unit volume per degree of temperature change (W=m3K). This
indicates where and how much entropy is generated within the flow
domain. This technique has been used to evaluate the aerodynamic
losses from a single numericalmodel by dividing the flowdomain into
eight arbitrary regions selected to show the losses generated due to the
hub surface, tip gap, upstream domain, downstream domain, blade
suction side surface, blade pressure side surface, passage domain, and
blade trailing edge domain. Although the resulting loss structure is
defined by region, instead of the common loss definition by source,
this approach was found to be satisfactory in the proposed study
because the use of this tool was limited to comparing the results of
different nozzle guide vane (NGV) designs to assess their perform-
ance. Similarly, Newton et al. [17] considered an arbitrary area
division of the turbine flow passage, where the rotor was divided into
seven volumes and the entropy generation technique was applied to
evaluate the loss breakdown by region. The resulting loss breakdown
structure was used to assess the performance of a radial-inflow turbine
at full and partial admission and the results were compared to show
dominant loss regions in each case.
Denton and Pullan [18] proposed an enhancement to the

technique of loss breakdown introduced by Pullan et al. [16] and
applied it to a gas turbine. In this approach, they tracked changes in
the boundary layers to investigate the sources of endwall loss in axial
flow turbines. Within that study, it was proposed that the loss
breakdown can be obtained by dividing the flowdomain into regions
and tracking vortices originating from the endwalls and defining an
arbitrary offset of 5% of the span from the endwalls to express the
endwall losses. The entropy generation is then integrated over the
defined volumes to represent the loss contribution from each region.
Later, Newton et al. [19] applied a similar technique to an air turbine
where it was found that this methodology is useful in determining
the areas that contribute more to aerodynamic losses.
Although the methodology introduced by Newton et al. [19]

depends on a single numerical model where all sources of loss

coexist, the assumed loss definition domains are fixed and need to be
calibrated for each case study individually. This means the loss
domains that have been selected for the proposed air turbine case
study would not be suitable for other machines operating with
different Reynolds number or different working fluids. In the current
study, an improved methodology is presented to quantify the loss
breakdown using a single CFD model where all sources of
aerodynamic losses coexist. In the proposed methodology, the
contours defining each loss source are selected based on the velocity
and entropy distributions on a set of selected planes, instead of
defining fixed loss domains. This makes the proposed methodology
suitable for different types of flow regimes and different working
fluids, which includes sCO2 machines which are characterized by
compact designs.
In this paper, aerodynamic loss breakdown approach is

introduced for large-scale axial turbines operating with sCO2 based
mixtures, which are intended for concentrated solar power (CSP)
applications. This methodology aims to improve the current
methodologies in order to overcome their weaknesses, whilst also
assessing for the first time aerodynamic losses in sCO2 turbines. The
loss audit methodologies previously introduced within the literature
are first reviewed in Sec. 2.1 which is followed by a detailed
description of the proposed methodology in Sec. 2.2. The model
verification is discussed in Sec. 3,which considers an air turbine case
study from the literature. Finally, results and discussions are
presented in Sec. 4; where a detailed comparison between the loss
breakdown approaches is discussed and a sensitivity study is carried
out for the parameters involved in the new loss breakdown approach
to assess its reliability and accuracy.

2 Numerical Loss Audit

The numerical model used in the current study is first described,
including details of the mesh refinement study. This is followed by a
review of the loss audit approaches previously published in the
literature (Sec. 2.1), alongside the newly proposed loss audit
methodology (Sec. 2.2).
The initial turbine flow path is generated using an in-house mean

line design tool that has been previously published by the authors
[20,21]. In this model, the steady-state mass, energy, and
momentum equations are solved to obtain the blade geometry,
velocity triangles and thermodynamic properties for all design
stages. The mean line design process is initiated using a set of
boundary conditions defined based on thermodynamic cycle
analysis; this includes the inlet total temperature and pressure,
pressure ratio, and mass flowrate. Alongside the boundary
conditions, a set of decision variables are defined, which includes
the flow coefficient, loading coefficient, degree of reaction, pitch to
chord ratio, and tip clearance gap. Repeating stages are assumed,
whichmeans the flow angle and absolute velocity are approximately
the same at the inlet to each stage.
To predict the turbine efficiency the Aungier loss model is used

[7]. This model has been found to be the most suitable for sCO2

turbines, and is integrated with the mean line tool to evaluate the
performance of the produced turbine design as previously detailed in
[21]. Multiple losses are considered within the Aungier loss model
which include profile losses, secondary flow losses, tip clearance
and trailing edge losses. This model has been previously verified
against multiple cases from the literature operating over a wide
range of working fluids that include air, and nonconventional
working fluids such as sCO2 [20,21]. The results of both verification
cases indicate that the model is capable of predicting the turbine
performance with a good accuracy margin where a maximum
percentage differences in the total-to-total efficiency of 1.3% was
found compared to the cases from the literature.
The resulting mean line flow path design is used as the basis for

building the two-dimensional blade profiles and the 3D blade
geometry in order to setup the numerical simulations as shown in
Fig. 1. The stator and rotor blades look similar because the flow path
considered in this paper is designed for a flow coefficient, loading
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coefficient, and degree of reaction of 0.5, 1.0, and 0. 5, respectively.
This leads to symmetric velocity triangles at the inlet and outlet of
each rotor blade. In addition, the pitch to chord ratio is assumed
constant for both stator and rotor blades and the number of stator and
rotor blades are very similar. This means the stator and rotor chord
lengths are comparable. In the proposed design, untwisted turbine
blades are assumed due to the relatively small blade height to mean
diameter ratio, which is less than 4% for the longest bladeswhich are
found within the last stage.
The numerical model is a steady-state, 3D, viscous, multistage

CFDmodel with a single stator and rotor domains modeled for each
stage. As such, periodic boundary conditions in the circumferential
direction for each stage are applied, as reported in Fig. 1. The solver
used for the numerical simulation is ANSYS CFX 2020R2. The steady-
state assumption is commonly used for turbomachinery applica-
tions, especiallywhen the flow is subsonicwhere it is not expected to
have shock waves extending across the rotor–stator interface, and
the differences between steady-state and unsteady performance
results are negligible [13,14]. The stator–rotor interface is modeled
with a mixing plane interface, which is the most reliable approach in
steady-state simulations that provides a reasonable level of accuracy
[22]. The turbulence model is the k–x SST model which has been
reported to produce accurate predictions for turbomachinery flows
[23]. The boundary conditions applied to this model are the inlet
total pressure, inlet total temperature, and outlet static pressure,
while the mass flowrate is calculated and then verified against the
mean line design inputs. No tip clearance is assumed between the
rotor blades and casing as the current study is focused on shrouded
blades. Therefore, the blade shroud wall is modeled as a rotating
surface.
Once the simulation is completed for the four-stages, the loss

audit is carried out on the first and last stages to quantify the different
loss sources and provide a comparison against theAungiermean line
loss model.

The fluid properties are evaluated using the Peng-Robinson
equation of state, whilst the binary interaction parameter required to
model the mixture, are obtained by fitting the equations of state to
experimental data [24]. The properties are included within the CFD
model using look-up tables that cover the expected pressure and
temperature ranges. The selected pressure range is set to 10 and
300 bar to cover the full range of expected pressure values within the
solution domain. Similarly, the temperature range is set between 400
and 1200K. The resolution of the property tables is defined using the
number of pressure and temperature divisions, where different table
sizes were tested ranging between 200� 200 and 700� 700 points.
It has been found that the variations in the model results are
negligible when the table size is greater than 500� 500.
A mesh sensitivity analysis is conducted to ensure a grid

independent numerical solution, as reported in Fig. 2. This figure
shows the total-to-total efficiency against the number of grid points.
It can be seen that the variation in total-to-total efficiency is less than
0.05% for a mesh larger than 1.3 million grid points per stage,
relative to the finest mesh. Furthermore, the mesh is refined near the
blade, hub and shroud surfaces of both the stator and rotor domains
to ensure yþ � 1, such that the boundary layer development over the
walls is accurately modeled. The obtained yþ distribution and
corresponding inlet flow conditions are reported in Fig. 3 and
Table 1, respectively. The average yþ values on the blade, hub, and
shroudwalls for both the stator and rotor are found between 0.40 and
0.77.
The mesh is constructed based on the first layer thickness on the

walls, the growth rate, and the number of elements in the spanwise
direction, which are varied to form the 4 different grid sizes, as
indicated in Table 2. For the stator domain, the total number of grid
points for the four meshes is 0.31� 106, 0.70� 106, 1.4� 106, and
2.9 � 106, respectively. For each grid, the velocity and entropy
distributions are reported at three different radial lines extending
from the hub to shroud, where their locations are arbitrarily defined

Fig. 1 3D geometry of the turbine numerical domain: (a) and a cross section of the blade profile (b) of the four-
stage turbine model
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to represent different flowconditions along the solution domain. The
first and second lines are selected at 70%of the stator and rotor chord
length, and 5% away from the blade suction side surface. The third
line is selected downstream of the rotor trailing edge at 5% of the
chord length. The radial distributions of the velocity magnitude
along the three lines are reported in Figs. 4(a)–4(c), while the
entropy distributions are reported in Figs. 4(d)–4(f). It can be seen
from the figures that slight differences appear between grid 1, 2, and
3, while the differences between grid 3 and grid 4 are negligible.
The main aerodynamic loss sources in a sCO2 axial flow turbine

operating at the design point are endwall, secondary flow, profile,
trailing edge, and interface losses. Other aerodynamic losses such as
shock, incidence and partial admission losses are less likely to
happen because the turbine stage is entirely subsonic and running
under design operating conditions. Tip clearance losses are not
considered for this study as the proposed design assumes shrouded
turbine blade. Endwall losses develop due to the viscous effect of the
working fluid near the hub and shroud walls. Secondary flows are
defined as undesired flow streams producing additional shear
stresses between the fluid layers that increase entropy and decrease
turbine efficiency. Denton and Pullan [18] have shown that
secondary flows do not incur losses without interacting with the
endwall boundary layers, as well as those on the blade suction side,
and as such secondary flow and endwall losses can be aggregated
and treated as a single loss source. Similar to endwall losses, profile
losses develop around the blade wall due to the viscous effect.
Trailing edge losses are generated due to the sudden expansion that
occurs due to the increase in the flow path area near the blade trailing
edge which causes a loss in total pressure and an increase in entropy.
The interface loss term introduces an entropy increase across the
mixing plane interface that exists between the stationary and
rotating domains, and is introduced due to the assumptions of the
numerical model.
The key aerodynamic performance metrics used in this study are

the total-to-total efficiency (gtt), stator loss coefficient (nN), and
rotor loss coefficient (nR), which are given by Eqs. (1)–(3)

gtt ¼
h01 � h03ð Þ
h01 � h03ssð Þ (1)

nN ¼ h2 � h2sð Þ
1
2
C2

2
(2)

nR ¼ h3 � h3sð Þ
1

2
V3

2

(3)

where h01 is the total enthalpy at the nozzle inlet, h03 is the total
enthalpy at the rotor outlet, h03ss is the isentropic total enthalpy at the
rotor outlet evaluated at the nozzle inlet entropy and the rotor outlet
total pressure, h2 is the static enthalpy at the nozzle outlet, h2s is the
isentropic static enthalpy at the nozzle outlet defined as a function of
the nozzle inlet entropy and interface pressure, c2 is the absolute
velocity at the nozzle outlet, h3 is the static enthalpy at the rotor
outlet, h3s is the isentropic static enthalpy at the rotor outlet defined
as a function of the rotor inlet entropy and outlet pressure, and V3 is
the relative rotor velocity at the outlet. All velocity values are area
averaged, while the enthalpy values are mass averaged.

Fig. 2 Mesh sensitivity study for the first stage of the sCO2-C6F6

4-stage design

Fig. 3 y1 distribution over the hub, and blade surfaces of the
first stage of a 130MW, four-stages, sCO2-C6F6 design

Table 1 Calculated flow conditions at the turbine inlet/outlet
boundaries

Parameter Value

Inlet absolute velocity (m/s) 87.9
Inlet turbulence intensity (%) 5%
Inlet Mach number 0.50
Outlet Mach number 0.57
Inlet Reynold’s number 1.2 � 107

Viscous boundary layer thickness
approaching the stator leading edge (mm)

0.73

Table 2 Definition of the four tested meshes

Grid
First layer

thickness (mm) Growth rate
Number of layers in the

spanwise direction
Total number of grid points

per passage (millions)

Grid 1 2.485 1.3 30 0.31
Grid 2 1.243 1.2 40 0.70
Grid 3 4.97 � 10�3 1.15 40 1.40
Grid 4 2.49 � 10�3 1.1 48 2.90
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2.1 Review of Loss Audit Approaches. To quantify aerody-
namic losses using CFD simulations, different aerodynamic loss
breakdown approaches have been previously published within the
literature. In this section, four methods applying the sequential
elimination approach are presented which include those conducted
by Yoon et al. [14], De-Servi et al. [11], Wheeler and Ong [13], and
Keep and Jahn [15], while the single model approach is reviewed
based on the methodology presented by Denton and Pullan [18] and
Newton et al. [19]. These methodologies are presented first, before
the approach developed in the current work is introduced. Both the
reviewed and the proposedmethodologies are applied to a four-stage
sCO2-C6F6 turbine to verify the proposed methodology and to

provide a better understanding of the conceptual differences
between the methodologies.
Yoon et al. [14] proposed setting up a series of CFD simulations

where loss sources are eliminated sequentially to estimate their
magnitudes. First, a standard model is setup including all the loss
sources to serve as the reference case for the analysis. Second, the
effect of viscosity near the stator and rotor endwalls is removed by
setting up free slip boundary condition on the hub/shroud walls,
which allows endwall losses to be estimated. Following this, the
viscous effects near the stator and rotor blades are eliminated to
assess the effect of blade profile losses by setting up free slip
boundary condition on the stator, and rotor blade walls. The final

Fig. 4 Axial velocityandentropy radial distributionsat different locations fordifferent grid structures: (a) Velocity
near the stator suction side, (b) velocity near the rotor suction side, (c) velocity downstream the rotor trailing edge,
(d) entropynear thestatorsuctionside, (e) entropynear the rotorsuctionside, and (f) entropydownstreamthe rotor
trailing edge

Fig. 5 Comparison of the entropy distribution along the normalized streamwise location of
different CFD models following Yoon et al. [14] methodology applied to sCO2-C6F6 turbine
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model is thus expected to only include trailing edge and interface
losses. Once the series of models have been developed, the
performance of each model is assessed and the differences between
the models are used to estimate the contribution of each source of
loss individually.
Themethodology presented byYoon et al. has been applied to the

sCO2-C6F6 case study for the purpose of demonstrating the model,
while further details about this case study are provided later in Sec. 4.
The axial distribution of the mass averaged entropy from the stage
inlet to the stage outlet is given in Fig. 5. The differences between the
inlet and outlet entropy of eachmodel give an indication of the effect
of the removed source. In more detail, the difference between inlet
and outlet entropy of the standard (STD) model and the model
without stator endwall (SEW) provides the entropy generated due to
the stator endwall. Similarly, the difference between inlet and outlet
entropy of the SEWmodel and the model without the rotor endwall
(REW) indicates the effect of the rotor endwall loss. Repeating the
process enables the quantification of the entropy generated due to the
stator profile (SPF), rotor profile (RPF), and finally, the stator and
rotor trailing edge. Additionally, the interface losses are calculated
from the last model without any viscous effect on the walls by
calculating the entropy increase across the stator (STE), the rotor
(RTE), and the interface between rotor and stator (INT).
De-Servi et al. [11] proposed setting up multiple CFD models to

quantify different loss sources by eliminating one or more sources
from each model. The strategy followed by De-Servi et al. is further
illustrated in Table 3. In this approach, two CFDmodels were setup
to break down the aerodynamic loss sources within an ORC radial
turbine. The first model eliminates the effect of viscosity near the
endwalls, such that the remaining sources of loss are blade profile
and trailing edge losses (also called mixing loss), while the second
model is the standard one with viscous effects at all the walls. To
evaluate blade profile and trailing edge losses from the first model,
an extra plane is selected at the trailing edge where the entropy rise
between the inlet to the blade and this plane defines the profile loss.
Similarly, the entropy rise from this plane to the blade outlet defines
the blade trailing edge loss. The secondmodel is used to calculate the
endwall losses by calculating the increase in entropy due to the
existence of viscous effects on the hub and shroudwalls compared to
the first model.
The strategy of loss breakdown estimation introduced byWheeler

and Ong [13] and Keep and Jahn [15] is similar to that implemented
by De-Servi et al. [11], except no intermediate planes are defined for
the purpose of separating the trailing edge and profile losses. The
loss breakdown in this case is limited to separating endwall loss,
while the profile and trailing edge losses are obtained as a whole.
On the other hand, Denton and Pullan [18] presented a loss

breakdown methodology based on a single CFD model results. In
this method, the fluid domain is divided into a set of predefined
regions where each source of loss is expected to dominate. The
entropy generated in each of the predefined domains is quantified to
give an indication of the loss breakdown structure. Although this
method considers the cross-interaction between different loss
sources, it requires calibration for each case study to trace the
actual location of the boundary layer which depends onmany design
parameters such as fluid type, mass flowrate, blade aspect ratio, and
operating conditions.
Taking into account the theory behind the published loss

breakdown methodologies, the loss breakdown can be obtained
more accurately by considering the cross interaction between the
loss sources while defining the loss regions interactively with the

flow results. The strategies presented by Yoon et al. [14], De-Servi
et al. [11],Wheeler andOng [13], andKeep and Jahn [15] have been
applied to the sCO2-C6F6 axial turbine case study. These are then
compared with the mean line design model and the new loss audit
approach proposed in this paper which allows a comparison and
verification of the new approach. The results from this comparison
are presented in Sec. 4.2.

2.2 Proposed Loss Audit Approach. In the present study, a
new method has been proposed to quantify the different sources of
loss using a single CFD simulation.Within the proposedmethod, the
entropy rise is monitored at different locations, which vary for each
case study considering the boundary layer development and entropy
distribution across the flow path. Initially, the CFD simulation is
carried out to obtain the velocity and entropy results. Then,
monitoring planes are placed within the solution domain of each
blade at the inlet, outlet, and just before and after the trailing edge as
reported in Fig. 6. The inlet and outlet planes are used to quantify the
total entropy rise per blade row.Whilst two other planes are defined
before and after the trailing edge of each blade row to be used for
breaking down the losses as shown in Fig. 6. The blade pressure side
(PS) and suction side (SS) are mentioned in the figure for both stator
and rotor domains.
Planes 1 and 3 are specified before the trailing edge of the stator

and rotor, respectively, and are used to evaluate the effects of blade
profile, endwall, and secondary flow losses. Planes 2 and 4 are
specified downstream of the trailing edge of the stator and rotor
respectively to evaluate the effect of the trailing edge losses,
alongside blade profile, endwall and secondary flow losses as
indicated in Table 4. For the upstream planes (P1 and P3), their
locations are fixed at the center of the trailing edge arc. For the
downstream planes, (P2 and P4), their location is set at a distance
downstream of the trailing edge that is equal to the trailing edge
thickness. However, a sensitivity analysis is carried out to quantify
the sensitivity of this assumption as presented in Sec. 4.3.
On each of the specified planes, multiple curves are defined to

help quantify each type of loss separately as represented by the thick
solid lines in Fig. 7, which considers plane 1 as an example. Each

Table 3 Loss breakdown strategy by De-Servi et al. [11]

Loss type Averaging procedure CFD model

Blade profile losses Midspan: inlet boundary to TE Free slip endwalls
Mixing loss Midspan: TE to outlet boundary Free slip endwalls
Endwall and secondary flow Spanwise average: inlet to outlet Standard model

Fig. 6 Flow path division planes from inlet to outlet used for the
developed methodology

081002-6 / Vol. 145, AUGUST 2023 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/145/8/081002/7022825/gtp_145_08_081002.pdf by guest on 04 Septem
ber 2023



plane is divided into five contours; left, right, top, bottom, and
middle contours, using the four bounding curves. The left and right
domains represent the effect of hub and shroud walls (endwall
losses); the middle domain represents the profile losses in planes 1
and 3, or the combined effect of the blade profile and trailing edge in
planes 2 and 4; the remaining two planes (top and bottom) are
assigned to secondary flows. The concept behind the selection of
these contours relies on the definition of each type of loss. Endwall
losses are formed within the hub/shroud boundary layers, the profile
losses are developed within the blade wall boundary layers, the
trailing edge losses are formed just downstream of the trailing edge
and around it, while the secondary flow losses are considered within
the rest of the flow passage.
Within the defined loss contour, the entropy rise is calculated

relative to the reference entropy at the domain inlet to quantify the
contribution of each source of loss. Considering the elements within
each contour, the mass averaged entropy is calculated from Eq. (4).
The mass flowrate through each contour is calculated from Eq. (5),
while the mass flow average entropy rise for each contour is
calculated from Eq. (6). It should be noted that the summation of the
actual mass flow average entropy rise per contour results in the total
entropy rise up to the selected plane as shown in Eq. (7)

si ¼ _meseP
_með Þ (4)

_mi ¼
X

_með Þ (5)

Dsi ¼ si � sinð Þ _mi

_mn
(6)

Dsn ¼ sn � sinð Þ ¼
X

Dsið Þ (7)

In this set of equations, e represents the element value, i represents
the contour, n represents the plane number, si is the mass flow
average entropy of any contour, _me is themass flowper element, se is
the elements entropy, _mi is the contour mass flowrate, Dsi is the
entropy rise for each contour, sin is the inlet mass flow averaged
entropy, _mn is the total mass flowrate per plane, Dsn is the entropy
rise over the entire plane relative to the inlet entropy, and sn is the
plane mass flow averaged entropy. The values of mass flowrate and
entropy of the plane _mn and sn can be calculated using the same
contour equations (i.e., Eqs. (4) and (5)), considering the
elements of the entire plane rather than the elements of each specific
contour.

3 Verification Case Study

To our knowledge, for the sCO2/C6F6 turbine, and for super-
critical CO2 in general, there is no experimental data available
against which to experimentally validate the CFD model. This is
particularly true for large scale axial turbines, which elevates the
need for the numerical assessment of the design. In the absence of
such data, the CFD model is verified against the available
experimental data for a small-scale air turbine. The presented
CFD model has also been verified against numerical results of a
sCO2 turbine available in the literature, as detailed in the author’s
previous publication [4]. The loss breakdown obtained via the
proposed approach is also verified against the other published loss
audit approaches for a 130MW turbine operating with a CO2/C6F6
blend.

Table 4 Details of monitoring planes assigned for loss breakdown analysis using the proposed methodology

Plane/streamwise location Expected sources of loss

Stator inlet None (stator reference)
P1: Just before the stator TE Stator profile, stator endwall and stator secondary flows
P2: Midway between the stator TE and the interface Total stator losses (profile, endwall, secondary flows and TE)
Stator outlet Total stator losses
Rotor inlet Total stator lossþ interface losses (rotor reference)
P3: Just before the rotor TE Rotor profile, rotor endwall and rotor secondary flows
P4: Downstream the rotor TE (4–6% of the chord length) Total rotor losses (profile, endwall, secondary flows and TE)
Rotor outlet Total rotor lossesþ outlet domain losses

Fig. 7 Loss contours on plane 1, (left) entropy distribution, and (right) velocity magnitude distribution
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In the first verification study, a small-scale air turbine has been
selected due to the similarity between an air turbine and a turbine
operating with a sCO2 blend in that both will operate in the subsonic
regime. However, laminar flow is expected to occur for the small-
scale air turbine, whilst the turbine operating with sCO2 is expected
to operate in the turbulent flow regime.
The selected case study is a single-stage axial air turbine rated at

140-kW where numerical and mean line results were published by
Meroni et al. [25] and compared to experimental results published by
Evers and K€otzing [26]. The boundary and operating conditions are
presented in Table 5.
Two designs are generated using the mean line design tool based

on the Aungier loss model, and these correspond to designs with and
without tip clearance. The design with tip clearance is used to
validate the performance predictions obtained from the mean line
design and CFD models against experimental data, which includes
the overall total-to-total efficiency as well as the stator and rotor
enthalpy loss coefficients. The later design, without tip clearance, is
considered to enable a comparison between the loss breakdown
predicted by the mean line loss model and the new loss audit
approach. This is required to verify the breakdown obtained using
the numerical model against the mean line loss model. The
differences betweenmean linemodel, CFDmodel and experimental
results are summarized in Table 6.
The results obtained via bothCFDand themean line designmodel

for the total-to-total efficiency show a good agreement with the
experimental results [27,28], although a larger error is observed for
the mean line model compared to the CFD. It is also noted that the
mean line loss model overestimates the stator loss coefficient and
underestimates the rotor loss coefficient, with a higher deviation in
the stator loss coefficient of 74.1% of the experimental value
compared to 18.4% for the rotor loss coefficient. This error is almost
the same error as that obtained by Meroni et al. [25] when they
compared their mean line model results to the experimental results
where the error in the stator loss coefficient was around 72%.
The error in the CFDmodel is significantly lower with a deviation

of 5.0% and 1.7% for the stator and rotor loss coefficients,
respectively. The differences in the total-to-total efficiency reflect
the differences in the loss coefficients, as the relative error in the
mean line model is 1.6% compared to 0.9% for the CFD. By
comparing themean line design andCFD results for the casewith tip
clearance, it can be noted that the largest deviation is recorded for the
stator loss coefficient whilst the smallest difference is found for the
efficiency.
The second model without tip clearance shows similar trends,

where similar differences to the tip clearancemodel are observed for
the stator loss coefficient, which is overestimated using the mean

line model. For the rotor loss coefficient, a smaller difference is
found, where the mean line loss model underestimates the rotor
losses, while overall it calculates a slightly higher total-to-total
efficiency. These differences can be further investigated by
comparing the loss breakdown obtained from the mean line and
CFD models.
The loss breakdown of the turbine design without tip clearance has

been assessed using the proposed CFD approach and compared to the
mean line loss model in Fig. 8. It can be seen from the results that the
stator endwall loss is significantly larger in the mean line model,
which helps explain the differences found in Table 6 for the two
models with and without tip clearance. The rotor losses predicted by
the mean line model are slightly lower compared to the CFD model,
with the rotor profile and rotor trailing edge accounting for the largest
differences. Overall, the loss breakdown is in good agreement, except
for the stator endwall loss. It is worth noting that the mean line loss
models implement the same definitions for estimating the endwall
loss within both the stator and rotor. However, it is expected that the
endwall losses within the stator blades should be smaller compared to
the rotor blades. This is because the turbulence intensity in the stator
domain is affected by the turbulence intensity at the stage inlet, while
the rotor is affected by the turbulence generated in the stator domain
that is transferred through the interface to the rotor and results in
significantly higher turbulence intensity.
The proposed approach for assessing the loss breakdown using

CFDwas further verified against other loss audit techniques from the
literature [11,13–15], and applied to a turbine design 4-stages CO2/
C6F6 mixture. The results of the different CFD approaches have
shown a good agreement, and these are further discussed in Sec. 4.2.

4 Results and Discussions

In the present study, the loss breakdown methodology is applied
to a 130MW four-stage axial turbine operating with CO2/C6F6. The

Table 5 Air turbine case study definition [25]

Parameter Value

Working fluid Air
Inlet total pressure (bar) 1.25
Inlet total temperature (K) 358
Inlet turbulence intensity 5% (medium)
Outlet static pressure (bar) 0.98
Hub, shroud, and blade walls Adiabatic, smooth
Rotational speed (RPM) 7200

Table 6 Overall performance verification of the air turbine case study

With tip clearance¼ 0.24 (mm) Without tip clearance

Parameter Exp. data [27,28] MLD CFD Error MLD Error CFD CFD-MLD Deviation MLD CFD CFD-MLD Deviation

fN 0.0379 0.066 0.0398 74.1% 5.0% �39.7% 0.0662 0.0365 �44.9%
fR 0.0908 0.0741 0.0893 �18.4% �1.7% 20.5% 0.0549 0.0676 23.1%
gtt (%) 91.6% 93.1% 92.5% 1.6% 0.9% �0.7% 94.0% 93.2% �0.8%

Fig. 8 Loss breakdown structure of the air turbine case study
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loss breakdown is obtained for the first and last stages that represent
the maximum and minimum pressure levels, respectively, to
understand the effect that changes in the density and viscosity of
fluid may have on the loss structure. The developed methodology is
then compared against other published loss audit approaches from
the literature for the same case study.
The operating conditions for the proposed turbine model are

reported in Table 8 while the one-dimensional blade geometries of
the first and last turbine stages are summarized in Table 7. It is worth
mentioning that some geometrical parameters that are required to
construct the 3D blade are not obtained within the mean line (one-
dimensional) analysis. This includes the blade inlet fillet radius,
inlet/outlet wedge angles, the control points for the pressure and
suction sides of the blade, twist angle, and the circumferential/axial
lean angles. Hence, these shape parameters are set based on manual
iterations that aim to achieve a smooth flow through the turbine with
minimal secondary flowswhilematching themass flowrate obtained
using the 3D numerical simulation to the design mass flowrate for
the given pressure ratio. The 3D blade is constructed by extruding
the blade profile in the spanwise direction and as such the blade
angles do not vary significantly along the blade height. This
approach is considered suitable since the blade height is small
compared to the hub diameter, and therefore, significant changes in
the flow angles in the spanwise direction brought about by the
change in tangential velocity are not expected.
Prior to the loss breakdown comparison, the mean line design is

compared against the CFD simulations for the first stage, and the

results are provided in Table 9. The total deviation in the mass
flowrate and power is found to be approximately 2.4% and 4.5%,
respectively. In terms of performance, the stator loss coefficient,
rotor loss coefficient, and total-to-total efficiency are compared, and
a good agreement is noted in the total-to-total efficiency. However,
relatively large differences are observed in loss coefficients which
are discussed under the detailed loss breakdown results. It can,
however, be noted that the deviation in the stator loss coefficient is
significantly larger than the rotor loss coefficient, which is similar to
the findings for the air-case study, as previously described in Sec. 3.

4.1 Loss Breakdown Using the Developed Methodology.
The loss breakdown of theCO2/C6F6 case study is obtained using the
methodology discussed in Sec. 2.2 by defining the contours of
different loss sources on each plane according to the loss definitions.
The absolute velocity magnitude is used to define the contours
defined on the different planes, whilst entropy values for the
different contours are estimated to obtain the loss breakdown. Loss
sources are defined using the contours as indicated in Fig. 9. The
values for each loss source at the different planes, expressed as
percentage of the total loss, and the corresponding increases in
entropy are summarized in Table 10.
The entropy rise distributions calculated for each of the

monitoring planes, as reported in Table 10, are used to calculate
the detailed loss breakdown for each blade row (i.e., stator or rotor).
For the stator, planes 1 and 2 are used to calculate the stator endwall,
stator profile and stator trailing edge losses. The stator endwall
losses are calculated from the endwall region of the downstream
plane (P2), which accounts for the entropy increase across the whole
stator domain. Similarly, the secondary flow losses are extracted
from P2 while the profile losses are calculated from the upstream
plane (P1) since it does not account for the trailing edge effect. The
trailing edge losses can be calculated from the difference between
the profile and trailing edge contributions in P2 and the profile
contribution of P1. These calculations are repeated using P3 and P4
to obtain the loss breakdown of the rotor domain. The results of the
detailed loss breakdown are reported for the first and last turbine
stages in Table 11, in addition to the summation of losses per blade
row, and per type of loss. This is done to provide an overall
evaluation of the dominant loss sources and loss regions. In
Table 11, the total losses per blade row are the summation of the
endwall, secondary flow, profile and trailing edge losses for the
stator and rotor individually. The stator–rotor interface losses are
calculated from the CFD model as the difference in entropy across
the two sides of the interface. The total losses per source are obtained
by summing up the same loss types within both the stator and rotor
losses, noting that the endwall losses include both endwall and
secondary flow losses. The percentages given in the table represent
the ratio between each loss type to the total losses. For example, the
total endwall source percentage is the ratio between the endwall
losses to the summation of endwall, profile and trailing edge losses.
The endwall and profile losses are found quite similar in the first

stage, contributing to 39.5% and 38.2% for the endwall and profile,
respectively, of the total stage losses. Similarly, the endwall and
profile losses for the last turbine stage are found to be 34.6% and
33.7%, respectively, as indicated in Table 11. It can be inferred that
rotor losses are large in both stages, andmore specifically are almost
1.5 times the stator losses. This is reasonable due to the higher
turbulence experienced within the rotor blade row due to rotation
and the high secondary flows within the rotating outlet domain. The
least dominating loss source in both turbine stages is the trailing
edge loss, which represents around 14.9% and 24.83% for the first
and last stages of the total stage losses, respectively.
The loss breakdown of the first and last turbine stages is visually

represented in Fig. 10(a). The secondary flow and endwall losses are
combined and named endwall losses to allow for easy comparison
with other studies from the literature. However, the detailed
breakdown is reported in Fig. 10(b) to provide a thorough
investigation of the reasons behind performance deterioration, and
hence better conclusions can be drawn to identify the dominating

Table 7 Mean line design geometryof the first and last stages of
the sCO2-C6F6 4-stage turbine

Parameter Sfirst Rfirst Slast Rlast

Axial chord (mm) 38.5 40.6 39.3 41.3
Hub radius (mm) 549.7 549.7 549.7 549.7
Inlet tip radius (mm) 567.7 569.7 587.2 590.2
Outlet tip radius (mm) 569.3 572.1 589.4 595.7
Number of blades 100 95 100 95
Inlet blade angle (deg) 0.0 0.0 0.4 �2.5
Outlet blade angle (deg) 64.1 65.2 64.0 65.3
Stagger angle (deg) 34.7 34.8 34.5 35.2
Outlet fillet radius (mm) 0.8 0.8 0.8 0.8
Throat opening (mm) 15.7 16.6 16.1 16.7

Table 9 Mean line and CFD results for the first stage of the
130MW sCO2-C6F6 turbine

Parameter CFD MLD Difference

Mass flow rate (kg/s) 1080 1054 �2.40%
Power (MW) 35.5 33.9 �4.50%
gtt (%) 94.52 93.10 �1.50%
fN 0.0419 0.0604 44.10%
fR 0.0562 0.059 5.00%

Table 8 Boundary and operating conditions of the sCO2-C6F6

turbine model

Parameter Value

Blend sCO2/C6F6
Molar fraction (%) 16.7
Inlet total pressure (bar) 250
Inlet total temperature (K) 973.15
Outlet static pressure (bar) 77
Rotational speed (RPM) 3000
Power (MW) 130
Mass flow rate (kg/s) 1054
Number of stages 4
Stage pressure ratio 1.28
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Table 10 Percentages of different sources of loss at each plane, first stage of the sCO2-C6F6 design

Domain Cut plane Contour type Ds (J/kg K) Percentage of the total Ds

Stator

Plane 1 Total entropy rise 0.508
Endwall 0.087 17.1%
Profile 0.286 56.4%

Secondary flow 0.135 26.5%

Plane 2 Total entropy rise 0.611
Endwall 0.104 16.9%

Profileþ trailing edge 0.323 52.7%
Secondary flow 0.185 30.3%

Rotor

Plane 3 Total entropy rise 0.536
Endwall 0.026 4.8%
Profile 0.313 58.3%

Secondary flow 0.197 36.9%

Plane 4 Total entropy rise 0.631
Endwall 0.042 6.7%

Profileþ trailing edge 0.510 80.8%
Secondary flow 0.079 12.5%

Fig. 9 Loss contours plotted over the entropy distribution on the selected monitoring planes 1:4
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sources of loss. Higher stage losses are obtained in the first stage
compared to the last stage as indicated in Fig. 10. This is due to the
significant reduction in endwall losses in the last stage compared to
the first stage for both the rotor and stator, although both stages
experience similar profile and trailing edge losses.
The turbine is designed assuming repeating stages, and therefore

the absolute velocity at the stage inlet is the same for each stage. Due
to the reducing pressure and density, this leads to longer blades in the
downstream stages where the relative contribution of the endwall
losses is reduced due to the smaller relative endwall boundary layer
thicknesses compared to the blade height. By looking at the detailed
breakdown (i.e., Fig. 10(b)), it can be observed that the endwall
losses are reduced when moving from the first stage to the last.
However, secondary flow losses are observed to increase due to the
increased turbulence intensity away from the walls. Furthermore, it
is observed that the blade profile losses decrease, which means that
the flow streamlines are better aligned with the blades within the last
stage compared to the first stage.

4.2 Comparisons of Loss Breakdown Approaches. In this
section, the different loss breakdown approaches from the literature
are compared to the proposed approach to verify the new approach

and investigate the effect of the interaction between the different loss
sources on the loss structure.
By analyzing the loss breakdown obtained by the various

approaches based on multiple CFD models, it is evident that De-
Servi et al., Wheeler and Ong, and Keep and Jahn approaches
calculate the same endwall loss. Nonetheless, Wheeler and Ong and
Keep and Jahn predict higher profile losses compared to the other
two approaches due to combining the effect of both profile and
trailing edge losses as indicated in Fig. 11. As a whole, the total
stator and rotor losses are the same for De-Servi et al., Wheeler and
Ong and Keep and Jahn; however, De-Servi et al. do not account for
interface losses so that stage efficiency increases since the losses are
reduced. The loss breakdown estimated using the approach adopted
by Yoon et al. agrees with the other approaches from the literature
although trailing edge losses in this approach are overestimated
compared to the other two approaches. This is due to calculating the
trailing edge losses from the CFD model without viscous effects
near the walls; instead, the total entropy rise in the rotor and stator
rows are considered only due to trailing edge losses, neglecting the
effects of secondary flow losses and vortices.
Compared to the published multiple model approaches, the

proposed approach in the current study predicts lower endwall losses

Table 11 Results of the detailed loss breakdown for the first and last stages of the sCO2-C6F6 design

First stage Last stage

Type Source Ds J=kgKð Þ % Ds J=kgKð Þ %

Break down Stator endwall 0.10 6.6% 0.05 3.55%
Stator secondary flow 0.19 11.8% 0.12 7.80%

Stator profile 0.29 18.3% 0.23 15.52%
Stator trailing edge 0.04 2.3% 0.14 9.55%
Stator-rotor interface 0.12 7.4% 0.10 6.83%

Rotor endwall 0.04 2.7% 0.03 2.03%
Rotor secondary flow 0.08 5.0% 0.13 9.04%
Rotor outlet domain 0.21 13.3% 0.18 12.19%

Rotor profile 0.31 20.0% 0.27 18.20%
Rotor trailing edge 0.20 12.6% 0.23 15.28%

Total per blade row Stator 0.61 39.0% 0.538 36.42%
Rotor 0.84 53.6% 0.839 56.75%

Stator-rotor interface 0.12 7.4% 0.101 6.83%

Total per source Endwall losses 0.62 39.5% 0.512 34.62%
Profile losses 0.60 38.2% 0.499 33.72%

Trailing edge losses 0.23 14.9% 0.367 24.83%

Fig. 10 Loss breakdown of the first and last turbine stages: (a) summarized and (b) detailed
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in both rotor and stator blades. That is expected since, in the
multiple-model approaches, the elimination of the endwall source
affects other types of losses such as profile and trailing edge losses
by decreasing the turbulence kinetic energy in the subsequent CFD
model of the series. As a result, the elimination approaches
overestimate the endwall losses and underestimate the other sources
of loss. Specifically, the stator and rotor endwall losses are on
average overestimated by 16% and 13%, respectively, compared to
De-Servi et al., Wheeler and Ong, Keep and Jahn, and Yoon et al.
approaches. The stator and rotor profile losses are under estimated
by 19% and 11%, respectively, compared to De-Servi et al. and by
29% and 31% compared to Yoon et al.
Although some differences in the trailing edge losses are obtained

between the proposed approach and the published approaches, those
differences are not considered significant since this type of loss does
not have a dominant effect on the stage performance. Specifically,
the contribution of the trailing edge loss to the total stage losses is
between 10% and 15%. It can be noted that the stator trailing edge
loss evaluated using the proposed approach is less than all the
published approaches, while the rotor trailing edge loss is close to
that of Yoon et al. and larger than De-Servi et al. Finally, the
interface losses are the same as the other approaches that account for
it, representing around 5% of the total stage loss.

Despite the differences between the proposed approach and the
previously reported approaches, it is worth noting that a good
agreement is obtained for the overall performance. Furthermore, the
loss breakdown results obtained using CFD results, using the
different approaches, have been compared to the predictions from
the mean line design that utilizes the Aungier loss model [7]. In
contrast to the comparison between the loss audit approaches, larger
differences are observed with endwall and profile losses being
overestimated, and the trailing edge losses being underestimated
compared to the CFD models. The values for the stator and rotor
endwall losses calculated using the mean line loss model are found
to be approximately 3.2 and 1.6 times the CFD values, respectively.
The profile losses are underestimated by the mean line model, with
values for the stator and rotor that are 64% and 56% lower than the
CFD values, respectively.
The rotor trailing edge loss calculated using the CFD model is

three times higher than the mean line prediction. In the CFDmodel,
the boundary layer that develops along the bladewalls contributes to
the trailing edge loss calculation. As such, both the profile and
trailing edge losses will increase if the flow becomes more turbulent
within the rotor domain due to blades rotation or flow angles
deviation from the blade angles.

4.3 Sensitivity Analysis. The sensitivity of the loss breakdown
results to the position of the contours used to define the different loss
regions is evaluated by shifting the contour lines of the same model
and the same monitoring planes. A set of cases are defined by
shifting the endwall contours in the radial direction by 61% of the
blade height and the profile contours in the circumferential direction
by 620% of the blade trailing edge thickness. Each variable is
divided into 10 steps to produce a test sample of 100 cases. The range
of entropy rise variation calculated for each loss type, relative to the
total entropy rise across the stage, is presented in Fig. 12. In this
figure, the box represents the range for 50% of the test sample, the
horizontal partitioning line indicates the median and the dashed
outside lines indicate the minimum and maximum values. It can be
noted that the obtained loss breakdown results are not that sensitive
to the contour selection process asmost of the variations are less than
2% of the total losses. The highest variation is calculated for the
stator endwall with a range of 5%, while the lowest variations are
found for the rotor and stator trailing edge losses with a range of
around 2.5%. The small variations of the trailing edge losses are due
to their relatively small values compared to the total stage losses
The sensitivity of the loss breakdown to the monitoring plane

location downstream of the stator and rotor blades trailing edge is
presented in Fig. 13. This analysis is conducted by changing the
location of plane 2 and plane 4 by 620% relative to the axial gap
between the blade trailing edge and the domain outlet. These planes
affect the endwall and trailing edge losses while the profile and

Fig. 11 Comparison between different loss breakdown approaches applied to the first stage
of the sCO2-C6F6 four-stage design

Fig. 12 Sensitivity of the loss breakdown structure to contours
selection process obtained by repeating the selection 10-times
for the same case study
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interface losses are independent of the location of the selected
planes. For planes 1 and 3, the location is fixed at the center point of
the trailing edge arc. The results are summarized in Fig. 13. Endwall
losses are found to be insensitive to the selected plane locationwith a
maximum uncertainty of 10% for the stator endwall and 5% for the
rotor endwall. The trailing edge losses are found more sensitive to
the plane’s location with a maximum uncertainty of 25% and 18%
for the stator and rotor, respectively. Despite this high sensitivity, it
is worth noting that this sensitivity is not significant in the conducted
analysis due to the small contribution of the trailing edge losses to
the total loss breakdown as illustrated in Fig. 12.

5 Conclusions

In this paper, an improved loss breakdown estimation approach
using CFD results is presented that is suitable for accurate
predictions in compact turbines that use nonconventional working
fluids such as sCO2 and sCO2 blends. Different loss estimation
approaches from the literature were investigated and compared to
the developed methodology. The approach proposed in this paper
addresses shortcomings of the previously published approaches by
considering the interaction between different loss sources in
addition to considering the variation in boundary layer thickness
between different case studies. This is considered important for
dense working fluids such as pure CO2 and CO2 blends.
The proposed model was verified against experimental and

numerical data for a 140 kW air turbine. The results showed good
agreement between the CFD model and the experimental data with
deviation in the total-to-total efficiency, stator loss coefficient, and
rotor loss coefficient of 0.9%, 5.0%, and �1.7%, respectively. The
proposed loss breakdown approach was verified by comparing the
results to the other published approaches, where a good agreement
was obtained. However, some differences were captured that are
related to how each loss audit approach is conducted.
By comparing the results obtained using the previously published

approaches to the proposed approach, it was found that the proposed
approach predicts lower endwall losses in both the rotor and stator
domains. This is because eliminating endwall viscous effects from
the model, as done in the previous approaches, decreases the other
loss sources since the cross-interaction between different loss
sources is removed. Therefore, the results using the elimination-
based approach tend to overestimate the endwall losses and
underestimate the other sources of loss.
A sensitivity study was carried out to evaluate the uncertainty of

the proposed approach in response to definition of the planes and
contours which are defined to carry out the loss audit. The results
have shown the endwall and profile losses have a low sensitivity to
these parameters, where the sensitivity to the contour and plane
location was less than 21% and 10%, respectively. However, a
higher sensitivity was observed for the trailing edge losses, although
trailing edge losses themselves were not found to be a dominant
source of loss. Specifically, the sensitivity of the trailing edge losses
to the selected contour and plane location was found to be 70% and
23%, respectively.
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Nomenclature

C ¼ absolute velocity magnitude (m/s)
h ¼ enthalpy (J/kg)
M ¼ Mach number
_m ¼ mass flow rate (kg/s)
s ¼ entropy (J/kg.K)
T ¼ temperature (K)
V ¼ relative velocity magnitude (m/s)

Abbreviations

INT ¼ interface
MLD ¼ mean line design
NGV ¼ nozzle guide vanes
REW ¼ rotor endwall
RPF ¼ rotor profile
RSF ¼ rotor secondary flow
RTE ¼ rotor trailing edge
SEW ¼ stator endwall
SPF ¼ stator profile
SSF ¼ stator secondary flow
STD ¼ standard
STE ¼ stator trailing edge

Greek Symbols

gtt ¼ total to total efficiency
f ¼ enthalpy loss coefficient

Subscripts

01 ¼ stator inlet, total condition
1 ¼ stator inlet
2 ¼ stator-rotor interface
2s ¼ isentropic state at stator outlet
03 ¼ rotor outlet, total condition
3 ¼ rotor outlet
3s ¼ isentropic state at rotor outlet relative to rotor inlet entropy

03ss ¼ isentropic state at rotor outlet relative to stator inlet
entropy, total condition

e ¼ element number
i ¼ contour number
n ¼ Plane number
N ¼ nozzle/stator
P ¼ profile
R ¼ rotor
tc ¼ tip clearance

TE ¼ trailing edge
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