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PROFILE LOSS AND TURBULENCE MODELLING IN RADIAL
OUTFLOW TURBINE CASCADES
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Laboratory of Fluid Dynamics, LUT University, Lappeenranta, Finland, gronman@]ut.fi

ABSTRACT

Radial outflow turbines (ROTS) offer an alternative to single-stage high-work axial turbines,
for example, in steam and organic Rankine cycle applications. Previous studies have shown that
axial turbine loss correlations tend to over-predict losses in comparison with numerical data.
However, only part of the most used loss correlations has so far been subjected to analysis while,
additionally, the effect of turbulence modelling has not been widely covered in the open
literature exploring ROTs. This study, therefore, examines the accuracy of a particular loss
model known as Traupel’s model on ROT profile loss prediction by comparing it with validated
numerical simulations. In addition, the effects of different turbulence models on the flow fields
are studied in detail. In doing so, this research shows that Traupel’s model tends to over-predict
loss. Crucially, the turbulence modelling approach is found to affect results significantly, which
mainly originate from differences in the boundary layer and turbulence predictions.
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NOMENCLATURE
Latin alphabet Abbreviations
M Mach number [-] ORC organic Rankine cycle
p static pressure [Pa] RANS Reynolds-averaged Navier—-Stokes
Pt total pressure [Pa] RNG re-normalisation group
Yot total pressure loss [-] ROT radial outflow turbine
Greek alphabet RS Reynolds stress
¢ loss coefficient [-] SST  shear stress transport
X correction factor [-] BSL baseline
Subscripts SSG  Speziale, Sarkar and Gatski
1 cascade inlet TI turbulence intensity
2 cascade outlet
C shock
M freestream velocity
PO basic profile
R Reynolds number
Te trailing edge
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INTRODUCTION

Turbines featuring powers ranging from hundreds of kilowatts up to a few megawatts are used in
many applications. These applications include large ships, for example, in which a small steam
turbine can improve energy production efficiency by several percentage points (Lion et al. [2020],
Uusitalo et al. [2019]). In addition, biomass power plants offer the opportunity to utilise turbines
below a few megawatts. For these applications, a decision is usually taken on which energy
conversion technology to favour: the Rankine cycle or the organic Rankine cycle (ORC). In these
small-scale Rankine cycle applications, it has been suggested that a radial outflow turbine could
replace single-stage high-work turbines (Leino et al. [2016]). Although radial outflow turbines have
also gained attention in the context of ORC and supercritical CO2 power cycles (Persico et al. [2013],
Grénman and Uusitalo [2021]).

The increasing popularity of ROTs is at least partly explained by the good off-design performance
expected, as well as their relatively small physical size when compared to impulse-type axial turbines.
ROTs are capable of handling reasonably high volume flow, while the expected Mach number levels
are also comparably low, as discussed by Persico et al. (2013). Plus, these turbines can reduce the
need for partial admission.

Axial turbine loss correlations are typically utilised for the design of radial outflow turbines. Pini
et al. (2013) and Casati et al. (2014), for example, both employed the Craig and Cox (1971) loss
correlation in their studies, while the correlation of Kacker and Okapuu (1981) was used by Al Jubori
etal. (2017). Grénman et al. (2020a) also presented results indicating that Soderberg’s loss correlation
(Dixon, 2005) performed well in ROT application. Additionally, there are a few studies that have
examined the accuracy of common axial turbine loss correlations on ROTSs. Both Persico et al. (2013)
and Gronman et al. (2017), when conducting an examination of loss correlations, have reported a
tendency of primary loss over-prediction. In Persico’s study, the reason for this over-prediction was
connected to differences in wake strength, which was weaker in ROTSs than in axial turbines.

The turbulence modelling approach is known to have a significant effect on results but, to the
authors’ knowledge, these effects have not yet been studied in the context of ROTs. There are several
available studies, however, that compare different turbulence models, which show that the most
common approach in turbomachinery is to use the k- SST turbulence model. Nevertheless,
depending on the modelled phenomena, different turbulence models can perform better than the
alternatives, while the literature does not clearly show that the k- SST is always the best choice. In
a study by Djouimaa et al. (2007), six turbulence models were compared in a transonic turbine cascade
in 2D. The findings showed that the RNG k-¢, Realisable k-¢, Spalart—-Allmaras and Reynolds stress
model all outperformed k- SST in the prediction of blade isentropic Mach number. Another study
by Patel et al. (2014) explored the role of turbulence models in a transonic steam turbine cascade.
Their conclusions found that the k-w and k-e turbulence models did not predict the expected
condensation shock at all, although other models — including k- SST - did manage to capture it.
Regarding radial inflow turbines, Yuan et al. (2021) compared three turbulence models against
measurements, finding that k-» SST performed better than the standard k- or k-e. Whereas Liu et
al. (2008) studied the effect of turbulence models on the modelling of an axial compressor tip vortex.
Among the tested models, they found the Reynolds stress (RS) turbulence model to be the most
effective in predicting the tip-leakage vortex, although other models such as k- SST and k-¢ did also
have their strengths in vortices modelling.

Based on the open literature, there is still a lack of understanding about loss correlations and
turbulence modelling in radial turbines and our study performs a combined turbine loss model and
CFD analysis that aims to answer the following questions:
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1. How does Traupel’s axial turbine loss correlation predict the primary losses in radial outflow
turbines compared to numerical simulations?
2. Which RANS turbulence model should be used to model primary losses in radial outflow
turbines?
The article begins with an introduction to primary loss modelling, which is followed by a
presentation of the numerical approach. A grid dependency study is then presented before the results
and conclusions sections.

METHODS

Primary loss modelling

A study by Zhdanov et al. (2013) compared several axial turbine loss correlations and the results
showed that Traupel’s model (Traupel, 1977) is capable of predicting turbine efficiency with an
accuracy of +1.5%. This accuracy level is similar to many commonly used loss correlations. The
Traupel’s loss correlation predicts losses separately for primary, secondary, tip clearance, and fan
losses. However, as this work focuses on primary losses, they are the only losses defined here.
Traupel’s primary loss coefficient is defined based on the Reynolds number effect factor y ., free-
stream velocity correction factor y , basic profile loss ¢, trailing edge loss ¢, and shock loss ¢,

as follows:

PO’

Cp=xptybpot CrtCc 1)

For this study, shock loss is set to zero due to low Mach number levels. Loss comparisons with
numerical simulations are made in terms of total pressure losses and the connection between Traupel’s
loss coefficient and total pressure loss coefficient Yot is defined as:

YM,?
Yiu=Cp| 1+ >

Numerical modelling

This study employs a finite volume approach by using Ansys CFX 2019 R2. The grids utilised
are generated by Pointwise V17.3 R5. Asecond-order discretisation is used in all simulations, together
with a double-precision solver. Compressible air is used as fluid and simulations are run in 2D. An
O-type mesh is also used with the domain presented in Fig 1 (a) and details of the grid in Fig 1 (c).
Total pressure, flow angle, turbulence intensity (T1), eddy length scale, and static temperature were
used as inlet boundary conditions and static pressure at the outlet boundary. The blade is modelled as
a no-slip wall while periodic boundaries are used between the flow channels. Additionally, the
symmetry boundary condition is applied at the top and bottom of the one-cell height domain. The
boundary conditions were set to match the experimental conditions of Grénman et al. (2020b). Table
1 presents the main design parameters of the blade cascade and the conditions present during
experiment. The convergence of each solution was determined when the residuals applied were below
10 and the imbalance was below 0.01%. In addition, it is also worth mentioning that all results
presented in this work are mass flow averaged.

Overall, seven turbulence models were compared, while the k-o SST model (Menter, 1993) was
adopted in the grid independency study since it is a commonly used approach. The other six
turbulence models were chosen to compare different turbulence models in the present application.

)
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These models consist of one equation model of Spalart and Allmaras (Spalart, Allmaras and Johnson,
2012), two-equation models k- (Launder and Sharma, 1974), k- re-normalisation group (RNG)
(YYakhot et al., 1992), k-o by Wilcox (1994), and the two Reynolds stress models of baseline (BSL)
and SSG (Speziale et al., 1991).

Three curved measurement planes were used, as presented in Fig. 1 (a). Plane 1 corresponds to
the location of static pressure measurements taken from Gronman et al. (2020b) — see measurement
plane 1 in Fig. 1 (b) as measurements 1-15. In Fig. 1 (a), planes 2 and 3 are located close to the
trailing edge and are used to compare turbulence-related data in the wake area. These two planes are
oriented perpendicular to the trailing edge at a constant radius. In addition, the static pressure
measurements of Gronman et al. (2020b) located in the middle of the flow channel are used for later
comparison. These measurement points are presented in Fig. 1 (b) as measurements 16-19. At the
inlet of the test section, total pressure and turbulence intensity were measured. In addition, static
temperature was measured upstream from the insulated test section.
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Figure 1: Schematic presentation of the numerical model domain and measurement planes
(a), schematic presentation of the experimental setup by Grénman et al. (2020b) (b), and grid
illustration at the leading and trailing edges (c).
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Table 1: Blade operating conditions and design parameters.

Variable Value
Isentropic Mach number 0.34
Turbulence intensity 4.3%
Chord Reynolds number 240 000
Blade inlet angle 47.5°
Blade outlet angle 67.3°

Pitch-to-chord ratio (inlet)  0.68
Pitch-to-chord ratio (outlet) 0.75

Grid dependency

For the grid dependency study, six grids were studied ranging from 266 956 cells up to 1 682 176.
The analysis concentrated on total pressure loss coefficient and isentropic Mach number distribution.
The pressure loss coefficient is defined as follows:

_ ptl—ptz

Y (3)
Tot
r t1 F 2

The analysis, as for Fig. 2 (a), shows that the total pressure loss coefficient does not change
considerably (maximum change 0.16%) when the number of cells changes from 774 996 cells in Grid
4 to the higher values of Grids 5 and 6. In addition, the isentropic Mach number distribution at
measurement plane 1 hardly varies at all when the grid changes (maximum variation 0.82%). Similar
findings were also made for blade passage streamwise isentropic Mach number distribution (not
shown here). Therefore, it was concluded that Grid 4 should be used later in this study.
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Figure 2: Effect of the number of cells on total pressure loss coefficient (a) and isentropic
Mach number at measurement plane 1 (b).
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RESULTS

Accuracy of turbulence models and turbine loss model

The turbulence modelling approach has a great effect on the predicted total pressure loss
coefficient, as shown in Table 2. Traupel’s loss model tends to over-predict primary loss more
extensively than the other studied turbulence models. This finding supports previous understandings
of alternative axial turbine primary loss correlations that have been applied to ROTSs, as with Persico
et al. (2013) and Grénman et al. (2017). From the studied turbulence model’s point of view, Spalart—
Allmaras is closest to Traupel, followed by k-® and k-o SST. Both the k-& and Reynolds stress models
clearly predicted the lowest loss coefficients. The following section aims to answer the question:
which models are most accurate and why?

Table 2: Comparison between the primary loss predictions of Traupel’s loss model and
different turbulence models. The last column shows the difference between the Traupel’s loss
model and turbulence models.

Loss prediction approach Total pressure loss coefficient Difference [%]

Traupel 0.0804 -
Spalart—Allmaras 0.0800 0.4
k-¢ 0.0684 14.9
k-¢ RNG 0.0549 31.7
K- 0.0785 2.3
k-o SST 0.0741 7.8
BSL Reynolds stress 0.0666 17.1
SSG Reynolds stress 0.0520 35.3

Model validation and effect of turbulence modelling approach on flow characteristics

The chosen turbulence model affects the prediction of flow acceleration inside the blade flow
channel, as presented in Fig. 3 (a). When compared to the experimental data, the one equation model,
k-, k-o SST and BSL Reynolds stress models predict similar trend shapes as in the experiments.
The rest of the models, however, do predict a small drop in the isentropic Mach number as the flow
approaches the passage outlet (location 1 in Fig. 3). In addition, these models also differ more in
general from the experimental data. Small part of the observed differences between the modelled and
measured values are most likely since the experimental results were produced by a low aspect ratio
cascade, in which the 3D effects can have more impact on the results. This conclusion is drawn based
on an earlier study by Grénman et al. (2020b), in which a similar under-prediction trend was noticed,
including with the 3D CFD.

A closer look at the pitch-wise isentropic Mach number distribution in Fig. 3 (b) reveals further
differences as a result of the turbulence modelling approach. Generally speaking, all models under-
predict the maximum isentropic Mach number and over-predict the minimum. The capability of each
model for predicting the location of the minimum isentropic Mach number value and the wake
location varies significantly. Two of the models — k-® and k- SST — are capable of predicting the
minimum value at the same location as the experiments. Both Reynolds stress models and the Spalart—
Allmaras produce results that slightly under- or over-predict the minimum with accuracies that are
nearly equal, while the k-¢ models are clearly mispredicting. Based on the results discussed,
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comparing the measurements allows for concluding that the best-performing turbulence models are
able to predict isentropic Mach number trends both inside and outside the cascade with reasonable
accuracy (uncertainty of isentropic Mach number at design conditions was estimated to be £0.001).
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Figure 3: Effect of turbulence model on blade passage flow acceleration in the middle of the

channel (a). Effect of turbulence model on blade outlet isentropic Mach number prediction (b)
in measurement plane 1.

The choice of turbulence model can also have a significant effect on blade surface pressure
distribution. Figure 4 contains an example of three of the models — namely, SSG Reynolds stress, k-
&, and k-¢ RNG - predicting a significantly larger peak value close to the trailing edge when compared
to four other models. In an earlier study by Djouimaa et al. (2007), it was also observed that the k-¢
and k-¢ RNG models can experience surface pressure prediction challenges close to the trailing edge.
These findings are likely connected with the boundary layer modelling capabilities between the
different models with curved surfaces.
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Figure 4: Effect of turbulence model on blade pressure side isentropic Mach number

distribution close to trailing edge (b), and pressure contours close to trailing edge with the k-¢
turbulence model.
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The chosen turbulence model can also have a significant effect on turbulent kinetic energy
prediction, as presented in Figs. 5 (a) and (b). It is clearly visible that k-, k-«o SST and BSL Reynolds
stress models predict profiles that are reasonably similar, with peak values arising from the blade’s
pressure side. On the other hand, however, SSG Reynolds stress, k-¢, and k-e RNG generally predict
the lowest values, while the Spalart-Allmaras falls between both. An additional noticeable
phenomenon is apparent in the mixing of the pressure side and suction side parts of the wakes, which
differ between the models. In particular, the wake mixing with Spalart—Allmaras is greatly delayed
when compared to other predictions. Even though the SSG Reynolds stress, k-¢, and k-¢ RNG have
all been found to predict the lowest turbulent kinetic energy, the wake’s strength appears to decay
more slowly. Differences in modelling turbulence production and dissipation are believed to be the
reason for this observation.
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Figure 5: Effect of turbulence model on turbulent Kinetic energy prediction at measurement
plane 2 (a) and 3 (b).

CONCLUSIONS

This study first analysed the accuracy of Traupel’s axial turbine loss model in the context of
predicting primary losses in ROT cascades. Doing so showed that the model tends to over-predict
profile loss when compared to all the seven turbulence models examined. This finding conforms well
with previous studies focused on alternative axial turbine loss models.

The extent to which the turbulence modelling approach affects loss and fluid dynamic predictions
was also analysed. The findings confirmed the approach to have a significant effect on results, with
those noticeable differences concluded as mainly originating from the boundary layer and wake
predictions, themselves made significant due to the variations in turbulence prediction capabilities of
each model.

More specifically, it was found that Spalart—Allmaras turbulence models provide the highest
accuracy to predict profile loss when compared to Traupel’s model, followed by k-» and k-« SST.
Similarly, when compared with the experimental isentropic Mach number distribution inside the blade
channel, the three performance-wise best turbulence models were again found to be most accurate,
together with the baseline Reynolds stress model. Regarding the accuracy of wake position prediction,
k-w and k- SST were the most accurate but very similar results were found with the Reynolds stress
models and the Spalart—Allmaras model. When considering overall accuracy, it can be concluded that
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both studied k-¢ models agree least with the experimental data, as well as predicting pressure side
flow acceleration phenomena near the trailing edge, which the best-performing models have not
previously achieved. Furthermore, the results did not justify the computational efforts of Reynolds
stress models since they did not provide improved prediction capability when compared to the best-
performing two-equation and even the one-equation model.

As a final suggestion, either the k-w or k- SST turbulence models should be used with radial
outflow turbines. Spalart—Allmaras is also recommended as a third option. In future, it would also be
beneficial to provide more validation data for ROTSs, including different turbine vane and blade
designs.
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