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Abstract: Turbines are rotating machines that generate power by the expansion of a fluid; due to their
characteristic these turbomachines are widely applied in the aerospace propulsion systems. Since due
to the clearance between rotor blade tip and casing, there is a leakage flow from blade pressure to
suction sides, which generates an energy loss. There are different strategies that can be applied to
avoid part of this loss, one of them is by the application of the called desensitization techniques. The
application of these techniques on gas turbines have been widely evaluated, however, there is a lack
of these analyzes for hydraulic turbines. This work is a sequence of previous analyzes developed for
the first stage of the hydraulic axial turbine used on the Space Shuttle Main Engine (SSME) Low
Pressure Oxidizer Turbopump (LPOTP). The last work analyzed the application of squealer
geometries at rotor tip. In the present paper, the winglet geometry techniques were investigated
based on three-dimensional flowfield calculation. The commercial CFX v.19.2 and ICEM v.19.2
software were used, respectively, on the numerical simulations and computational meshes
generation. Experimental results published by the National Aeronautics and Space Administration
(NASA), and data from previous works, were used on the computational model validation. The
parametric analysis was done by the variation in the winglet thickness and width. The results
obtained shown that increasing the winglet thickness, the stage efficiency is also increased. However,
its width geometrical dimension almost does not impact this result. It was verified an efficiency
increase of 2.0%, over the entire turbine operational range. It was found that the proposed geometries
application also changes the cavitation occurrence along the stage, which is a relevant result, since it
can impact the turbine life cycle.

Keywords: Hydraulic Axial turbine; tip clearance; CFD; desensitization techniques; winglet;
turbopump; aerospace propulsion

1. Introduction

Turbomachines are important rotating component applied in different industrial sectors, as
automotive, maritime, power generation, and aerospace. Regarding the aerospace area, it is the core
of the propulsion system, widely installed in aircrafts, rockets and other subsystems to supply shaft
power or energy generation. In the specific case of axial turbines, these components are designed to
convert the potential energy of a high-pressure fluid in kinetic energy, by internal flowfield
acceleration through the turbine’s stages [1,2]. Due to its three-dimensional and unsteady nature, this
flow characteristics is very complex [3]. The internal losses are vastly studied by several researchers
to better understand the flow behavior aiming design improvements associated with machine

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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efficiency and/or performance. By the way, considering some constructive constraints, there is a gap
between the rotor blade tip and casing, in which an amount of main flow leaks in this region. This
leakage flow, increase the secondary flow and causes machine performance drop, because this part
of the flowfield not participated integrally in the energy transfer processes between flow and rotor
blade. The interaction of this secondary flow with the main flow, intensify the losses generation. With
this, the tip leakage losses are one of the highest internal losses in turbomachines design. Although
the gap between the rotor blade tip and the casing is small, its effects on the aerodynamics, efficiency
and performance of the turbomachine are large [4], and for this reason it is desirable to make this as
small as possible, in order to reduce its impact.

In general, the tip clearance has a dimension associated with some percentage of the rotor blade
height, in the range of 1 to 2% [5]. Several research works were developed addressing this subject [6-
8] and according with Booth et al. [9], a 1 to 3% efficiency loss will be generated in an axial turbine
with a tip clearance of about 1% of the rotor’s blade height. Other works also discuss the minimum
gap dimension, necessary do avoid rubbing between the blade and casing [10,11], as well as the
variation of gap during the turbomachine operation [12].

In the case of hydraulic axial turbines, the tip leakage interacts with the main flow impacting the
cavitation phenomenon close to the region. This unwanted phenomenon has a huge influence on the
project of Liquid Propelled Rocket Engines (LRPE), since these propulsion systems apply hydraulic
axial turbine in their design. Considering the high costs of these systems, and the impact of the
cavitation on them, motivated the evaluation of this phenomenon in different academic works [13,14].
Other than that, it is worth to mention that the cavitation is essentially a multiphase phenomenon,
and its proper evaluation by numerical schemes must be carried out with multiphase simulation.
However, it is already demonstrated in other works [15-17], that monophase CFD analysis can be
used for these evaluations, with results comparable to those from multiphase simulations.

As demonstrated on previous paragraphs, both effects caused by the tip leakage (efficiency loss
and cavitation) are undesired and must be mitigated as much as possible, with the aim of increase
the LPRE life cycle and reduce its energy consumption. For this reason, over the time different
strategies were developed, among them the called desensitization techniques. These ones are rotor
blades tip geometric modifications that changes the flow characteristic at the clearance region,
reducing part of the leakage and also changing the heat transfer coefficient at this location, as
described by Saha et al. [18].

The application of these techniques, and their effects, were already studied in other references
as [19-21]. However, most of these works are related to the turbomachines that operate with
compressible fluids, and there is a lack of studies evaluating the benefits of these tip modifications
on hydraulic turbomachines.

On a previous research [17], a numerical parametric studied was carried out evaluating the
application of the squealer tip desensitization technique on the first stage of the hydraulic axial
turbine used in the Low Pressure Oxidizer Turbopump (LPOTP) of the Space Shuttle Main Engine
(SSME). On that paper, it was shown that the application of the squealer would be able not only to
increase the efficiency of the analyzed turbomachine, but also to change the cavitation regions along
the stage, impacting its life cycle.

The present research, is a sequence of the work published in reference [17]. However, a new
numerical parametric study is carried out, showing the influence of a winglet-type geometry installed
in the rotor blade in the first stage of a hydraulic axial turbine. These analyzes were carried out using
CFD techniques based on RANS (Reynolds Average Navier-Stokes) simulations and the turbine stage
analyzed is the same one already studied on previous researches [17,22-24]. At the end, the results
here presented are compared with those already presented in [17] and [22], and with the experimental
data reported by NASA [25]. The commercial CFX v.19.2 software, from ANSYS Workbench, was
used to perform the numerical calculations of fluid mechanics equations, presented in this paper.
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2. Tip Leakage Effects

2.1. Leakage Behavior

To obtain an adequate results of flow characteristics inside of a turbomachine, the turbulence
should be quantified. The machine geometrical details are also very important. Hence, the tip
clearance between the rotor tip and casing, is usually considered and its gap must be realistic with
the real component.

Due to the complex geometry and pathway of the fluid motion through a turbomachine, and in
this case the existence of fixed and rotating blade rows, the flow characteristics and its secondary
losses generates the increase of energy losses, consequently, entropy [26,27]. Each of these energy loss
sources have motivated the development of several physical-mathematical models based on test data,
in order to quantify them, as can be seen in at [28-31].

Specifically analyzing the flow at rotor tip region this has a great impact on the axial
turbomachines, what motivated different studies over the years [32], been these related with the
impact on their performance and also regarding the heat transfer at blade tip region [33-35]. In this
work, following the same approach of previous researches [15,17], only the tip leakage effects on the
turbine stage efficiency and performance are discussed.

A representation of leakage flow on the tip region is shown on Figure 1. In this illustration,
region D represents the streamline location on the endwall. In this region the leakage flow is divided
in bubbles b1 and b2, to exemplify the flow attachment at blade tip surface in the gap region, involving
the machine casing. Usually bubble b1 is formed on the blade tip corner and bubble b2 is located after
the blade suction side. A detailed discussion of this flow behavior is presented by Dey and Camci
[36].

Other than bubbles b1 and b2, the Figure 1 also illustrate the location of regions s1 and s2, that
are, respectively, related with the scrapping and leakage vortexes. The first one is generated on the
main flow, while the second is formed by the fluid that cross the tip region. The leakage flow that
generates the leakage vortex meets with the scrapping vortex and the result of the interaction will
increase or decrease the losses on that region, depending on the rotation direction of those vortexes;
if these vortexes have the same direction losses are increased, otherwise they decrease [32].

Outer Casing

IGT 7~

Scrapping 4
Vortex Leakage
Vortex
S.S. Rotor PS.
Blade

Figure 1. Tip clearance leakage flow in a cascade (modified from [36]). SI and s2 regions represents, respectively,
the scrapping and leakage vortexes. B1 and b2 bubbles are generated through the attachment of the fluid in the
blade and casing. The location of the streamline on the endwall is indicated by region D.
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Due to the relative movement between the turbine casing and the rotor blades, and also
considering the non-slip flow condition, the velocity field profile in this region became relatively
complex. A representation of this velocity profile is shown in Figure 2. Due to the characteristic of the
flow on this region, as shown on this figure and discussed in previous researches [17,22,36], there
will be a stagnation point in the velocity profile, with the change of the velocity direction. This
behavior is repeated for each longitudinal section along the blade thickness, which generates a
stagnation line on the tip, and it is represented in Figure 2 as the A1-A2 line [36]. Furthermore, bubble
b1, modify the flow characteristic and may favor the fluid to leak from the pressure to the suction
side, increasing the discharge coefficient on the region and the aerodynamic losses [36].

In summary, all the effects described in this section impact the performance of the axial turbines,
and must be considered during these machines detailed design. The importance of these effects can
be checked by the number of academic researchers developed over the years addressing these issues
[3,15,17,36-40].
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Figure 2. Tip clearance leakage flow in a turbine rotor (modified from [36]). Stagnation region is represented by
line A1-A2. The behavior of the leakage vortex and the attachment of fluid on the blade (bubble b1) is also
represented.

2.2. Cavitation

Cavitation is a phenomenon that damages hydraulic turbomachines, reducing their life cycle,
and is caused by a static pressure reduction that leads to the vaporization of part of the flowing fluid
[41]. In the specific case of turbopumps applied in rocket engines, these components operate under
high pressure rates and rotational speeds, which favor the phenomenon occurrence [42]; for this
reason, the cavitation emergence is practically inevitable, and there must be a compromise between
the phenomenon existence, and the component design parameters [43].

Cavitation is a transient process [44] and also a multiphase phenomenon. Although these
characteristics, it was already demonstrated in previous works [15,16], that steady state monophase
numerical CFD analyzes can be used to carried out the simulations of this phenomenon for hydraulic
turbomachines. The same approach proposed in [15,16], and replicated in the results presented in
[17], is applied on this research, and the phenomenon is considered to occur on the locations where
the flow static pressure is equal to the water vapor pressure.

It is worthy to mention the numerical analyzes of this phenomenon is not limited to the
turbomachines, and this was already evaluated at different works [45-48]. Also, there is a lack of
researches evaluating the cavitation on turbopump, which justify the development of more studies
on this area; numerical studies found on the open literature, usually evaluate this phenomenon for
other turbomachines [49-53].
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3. SSME LOX Booster Turbopump

The SSME was the propulsion system designed to be installed in one of the most successful
aerospace projects, the Space Shuttle [54]. This LPRE operates with LOX and LH2; these propellants
selection was made due to the fact that this was the combination that provides the highest specific
thrust on that time [46]. The diagram with the thermodynamic cycle of this engine is presented in
Figure 3 [55]. A detailed discussion of this engine cycle can be found on previous works [56].
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Figure 3. SSME Simplified thermodynamic cycle (modified from [55]). LOX and LH2 paths are indicated by blue
and red colors respectively. There are a main and a booster TP for each propellant. The LOX booster TP is

highlighted on this figure by a red circle.

Since this research is a sequence of previous ones [17,22], the turbomachine under analyze is the
same already evaluated on those works, been this the SSME oxidizer booster turbopump. This
turbopump is highlighted on the schematic presented in Figure 3, and a representation of this
component is shown on Figure 4. As can be seen in this last figure, in order to make this TP compact,
the turbine is mounted inside the pump, adding complexity to its design.

In this work, following the same approach of the previous ones [17,22], only the first stage of the
axial turbine of the SSME LOX booster turbopump is analyzed. Its flat tip rotor geometry was
obtained through some design parameters and with the support and use of the AXIAL® and
AxCent® software, developed by Concept NREC, as already described on other researches [15,16].
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Figure 4. Cutaway view of the SSME LOX booster TP (modified from [56]). The 6-stage hydraulic axial turbine
is represented in red while the pump is represented in blue. Bearings, turbine inlet duct and the pump inlet duct
are highlighted in gray, orange and green respectively.

4. Tip Desensitization Methods

4.1. General Considerations

Desensitization methods are geometric modifications that are made on the axial turbine rotor
blade tip, changing the fluid flow characteristics on this region with the aiming of reduce part of the
leakage that cross the clearance between these blades and the machine casing. The reduction of this
undesirable flow increases the turbine efficiency and/or performance, in addition to change the heat
transfer coefficient on the region.

Although, there is no general rule to be used in all axial turbines. Each machine has its
particularities and needs, depending on the geometrical and flow characteristics. They are usually
classified into three different groups: squealer, winglet and squealer-winglet. An illustration of each
of these geometrical modifications is shown on Figure 5.

The benefits that can be reached with the desensitization methods motivated the evaluation of
these techniques on different turbomachines, however, the majority of them were developed for
turbines that operate with compressible flow [57-62]. This historical aspect represents a great
opportunity for the development of researches related to hydraulics turbomachines. However, it is
also an issue, since these analyzes usually need the input from previous studies. Due to this lack of
data availability, the geometric parameters presented by da Silva et al. [3] were used as the start point
in this research.

In this work, it is present the analysis applying the winglet technique to the first stage of the
SSME LOX turbine booster. A parametric analysis varying the thickness and width of this geometric
modification is carried out, and the results obtained are compared with the ones that were presented
in previous publications [17,22].

FLAT TIP SQUEALER WINGLET SQUEALER-WINGLET

Figure 5. Comparison between different tip geometries.
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4.2. Winglet

The winglet geometric modification (that can also be found on the literature as partial shroud)
is characterized by been an aerodynamic component that positioned in on the rotor blades tip, which
protrudes out of the suction, pressure or even both sides of the blade [3]. As any other tip
desensitization, the winglets are used to prevent the leakage at the gap region, increasing the
turbomachine performance; in addition, one of the aims of this technique application is to decrease
the drag and the tip vortex.

The behavior of the flow over a pressure side winglet tip is illustrated in Figure 6 [36]. As already
mentioned in this document, in the internal flow of an axial turbine a leakage vortex is formed near
of the rotor blades suction side. This behavior can also be seen in Figure 6. However, the pressure
side geometric extension created by the winglet, can significantly affect the flow behavior in this
region, weakening the leakage vortex [3].

UCasing
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ﬁﬂr———p _‘“"““*--_-L5“£E£E:£ffhwg

Winglet /

r

/
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vortex
Suction Pressure
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Figure 6. Leakage behavior over a winglet tip geometry (modified from [36]). The flow characteristic is similar
to the one in a flat tip geometry, however, the geometric extension on the pressure side, created by the insertion

of the desensitization technique, is able to weak the leakage vortex.

The winglet geometries are usually defined by two parameters, been them the element thickness
and width [63]. Figure 7 shows an illustration of these parameters. These are the geometric
dimensions that are varied and sometimes optimized in order to analyze the effect of their
modifications on the turbine stage analyzed in this research.
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Figure 7. Winglet modification parameters (modified from [63]). Thickness and width parameters are defining
by following the same directions as the blade thickness and height respectively.

The technique to enhance or modify the winglet geometry, has been extensively studied over
the years. Dey, Camci and Kavurmacioglu [64], evaluated the effects of different winglet geometries
on their research. The results found by them showed that the configuration with the modification at
blade tip in the pressure side, could provide a reduction in tip vortex momentum, also changing the
flow conditions on the gap and reducing the leakage.

A numerical and experimental analysis in order to investigate the benefits of applying a pressure
side winglet installation was presented by Zhou et al. [65]. The results obtained were compared with
the original axial turbine rotor blade, considering the common flat tip and squealer geometries.
Considering the winglet and the squealer, it was shown that the vortexes generated by these
geometries acted as a restriction, avoiding the leakage on the region. The winglet installation at blade
pressure side, also allowed a reduction of the pressure difference at blade tip region, in the regions
close to the leading edge. However, at the blade mid-chord and trailing edge locations, this difference
has increased. At the end, the authors concluded that the pressure side winglet provides an
improvement in aerodynamic performance in comparison with the other geometries.

In a previous research, Tonon et al. [63] presented a comparison between two different winglet
geometries, analyzing their effects on the performance of the first stage of the axial turbine used in
the SSME LOX booster TP. Both geometries analyzed were generated with the same thickness and
width values, being differentiated by their configuration at the trailing edge. One of the geometries
connects to the trailing edge with an angle close to 90°, while the second one has a smooth connection,
as is shown in Figure 8 [63]. The authors concluded that the application of the winglet geometry with
the smoother connection on the trailing edge provides just small performance benefits on the stage
performance. The other one would be able achieve greater improvements on this parameter.
However, due to its geometrical characteristic, a larger wake region is generated at trailing edge,
increasing the flow instability.

Ny =

(a) (b)

Figure 8. Comparison between the winglet geometries analyzed by Tonon et al. (modified from [63]). Although
geometry (a) generates a larger wake region, it also provides a greater increase on the performance in comparison
with (b).
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Although many studies evaluating the benefits of winglet geometries have been carried out
considering the application of this technique on the blade pressure side, there are some others that
consider the insertion of this modification on the suction side, as the work developed by Seo and Lee
[66]. The authors studied two suction side winglet geometries, one of them that allows to vary the
width dimension (VWSS) and the other with fixed dimensions (CWSS). The results presented shown
that both strategies are able to reduce the aerodynamic losses when compared with the flat tip.

In addition to the researches presented in this section, there are a many other that can be found
on the open literature evaluating the benefits of pressure, suction or even both sides winglet
geometries [67-71]. For reference, only pressure side winglet geometries are analyzed in this work.

5. Computational Mesh, Boundary Conditions, and Numerical Issues

Following the same approach of a previous research [17], the geometry evaluation process
presented in this work was started with reference on the parameters of the winglet geometry
proposed by da Silva [3], considering 2.70% for width and 2.90% for thickness, both percentages are
in relation to the rotor blade height. In order to carry out the parametric analysis proposed, widths
of 5.40% and 8.10%, and thicknesses of 5.80% and 8.70%, were also used. The combination of these
dimensions generates 9 different winglet geometries to be analyzed. For example, the combination of
the 2.70% width with each one of the thickness values established (2.90%, 5.80% and 8.70%), generates
3 geometries. The same reasoning is applied to the other width values (5.40% and 8.10%).

Computational mesh characteristics, boundary conditions, residual behavior and numerical
setting used in the CFD simulations are described in the next sections.

5.1. Computational Mesh Characteristics

The ICEM v. 19.2 commercial software was used to perform the mesh generation and
geometrical modifications on the rotor tip geometry, following the reference [17]. Tetrahedral
unstructured meshes were generated following its best practices to obtain an adequate control
volume shapes, in order to properly represent the details of the geometries analyzed. An illustration

AR

-

Figure 9. Representation of the used mesh in the computational domain.

of these meshes is shown in Figure 9.

A total of 25 prism layer were generated at walls to determine the boundary-layer region with
good resolution and accuracy. Although this number of layers significantly increases the number of
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elements, and consequently the computational cost, this is necessary to avoid the use of wall functions
couple with turbulence model. In this work, the turbulence equations were integrated until the walls.
More discussion about these subject will be discussed on further sections.

5.2. Mesh Independence Study

The mesh independence study, carried out in this work, follows the same procedure described
in [17]. Four progressively refined computational meshes were generated and, with their
independency guaranteed, one of them is choose to be used on the analyzes. The elements number
of each of these meshes is shown in Table 1.

Table 1. Number of elements of each winglet geometry analyzed in the work (millions of elements).

Thickness (%) Width (%) Mesh 1 Mesh 2 Mesh 3 Mesh 4

2.90 2.70 7.2 94 11.0 14.9
2.90 5.40 7.2 8.2 10.7 15.8
2.90 8.10 6.9 8.2 11.3 15.1
5.80 2.70 6.6 8.9 11.6 15.7
5.80 5.40 7.1 8.9 11.6 15.2
5.80 8.10 8.6 11.0 13.1 18.3
8.70 2.70 7.7 9.6 11.6 15.5
8.70 5.40 6.9 8.4 11.0 15

8.70 8.10 8.7 11.0 13.5 17.7

The total pressure distribution from hub to shroud on the rotor blade trailing edge location were
compared for each mesh configuration. Figure 10 shows this comparison for two of the winglet
geometries analyzed. As can be seen, there is no great variation in this parameter distribution,
concluding that the mesh independence condition is satisfied. Same behavior was checked for the
other winglet configurations. It was defined to use the mesh 3 to carried out the simulation for all the
geometries analyzed in this work.

(b)

1.00 1.00
0.75 4 0.75
= =
15} 8]
M N
g g
5 0.50 5 0.50
= =
=) =
m m
[=1 (=R
(73] L
0.25 1 —— 6.9 millions 0.25 4 —— 7.2 millions
—— 8.4 millions —— 9.4 millions
—— 11.0 millions —— 11.0 millions
15.0 millions =5 —— 14.9 millions
0.00 . e 0.00 : .
-0.4 0.0 0.4 0.8 -0.4 0.0 0.4 0.8
Total Pressure [MPa] Total Pressure [MPa]

Figure 10. Mesh independency study: (a) 8.70% thickness and 5.40% width winglet; (b) 2.90% thickness and
2.70% width winglet.
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5.3. Initial and Boundary Conditions

An adequate initial condition is important to avoid numerical instabilities during the first
numerical iteration, even numerical divergences [3]. These conditions are used to initiate the
numerical solution of the Partial Differential Equations (PDEs) for spatial integration and Ordinary
Differential Equations (ODE) for the time integration.

Boundary-conditions are set for each numerical domain surface. Depending on the
turbomachine operational characteristics these conditions will be different. In the present paper, the
following boundary-conditions are set at surfaces:

1. Stage inlet: inflow velocity vector angles (axial direction), total temperature (294K), mass flow
and turbulent intensity (5%).

2. Stage Outlet: average static pressure at blade hub location and it is variation until the casing,
using the radial equilibrium equation.

3. Stator-Rotor interface: mixing-plane.

Wall surfaces: non-slip condition.

5. Blade-to-blade surfaces: periodicity.

-~

On the experimental analyzes developed and reported by NASA [25] the total pressures at the
stage inlet and outlet were kept constant over its entire operational range. These pressures values are,
respectively, 2,410,000 Pa and 550,000 Pa. Different rotational speeds were considered and analyzed
based on this information. At machine outlet, the static pressure and mass flow values were varied
keeping the inlet and outlet total pressures within +0.1% of the values reported in [25]. This same
approach was already applied on previous researches [17,22].

Other than the aforementioned, although the analyzed turbine operates with LOX the tests
reported by NASA [25] were carried out using water as working fluid. This was also to fluid used in
the numerical simulations.

5.4. Numerical Scheme

The numerical schemes applied in this work to calculate the general fluid mechanics equations
numerically, are described in previous work [15,17]. The commercial software ANSYS CFX v. 19.2
was used to solve the Reynolds Averaged Navier-Stokes (RANS). The, first and second-order
discretization schemes were applied in the convection terms of the turbulence model and momentum
equations. Modified Rhie-Chow discretization method [72] was applied in the numerical scheme to
solve the RANS equations. The time marching scheme is implicit. For the flow eddy viscosity
determination, the two-equations k-w SST turbulence model was employed.

Specifically, regarding the SST two-equation model, in order to avoid the use of wall functions,
the computational mesh must be generated to keep the values of y* below 2. Still for this model, when
the y* value is between 2 and 11, a blend of wall functions and low Reynolds formulation is
automatically set. If the y* parameter is between 11 and 300, only wall functions are used [73]. The y*
value of all meshes used on this research were kept bellow 2.

5.5. Residual Behavior

Regarding CFD simulations, the numerical residues along the iterations must be reduced by
some magnitude orders in order to achieve the results convergence [17,22]. Continuity, momentum
and energy equations residues history are shown on Figure 11; peaks noted in these residues are the
result of variations in the boundary conditions.
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Figure 11. Residual behavior for simulations at 3,600 rpm. Figure shows the stabilization of the residues
associated with mass conservation and momentum equations. The residues shown some pick values; these are
associated with some sensible boundary conditions modifications made to keep inlet and outlet total pressure

results close to that established in the tests report.

Other parameter used to monitor numerical convergence were: conservative variables, pressure
ratio, inlet and outlet total pressure; these variables behavior are shown in Figure 12. During the
process to obtain the numerical solutions, for some rotational speeds, the results of the monitored
properties fluctuated around an average value. This issue was faced from the 2113, 2454 and 2795
rotational speeds, it is a characteristic already shown on previous researches [15,17], and is related to
the transient nature of the flow for these operating conditions. Figure 13 illustrate this behavior. In
these cases, a representative value of the properties was obtained by the average of the last 200
iterations.

Other that the already mentioned, especially at low rotational speeds and for some of the studied
geometries, it was impossible to obtain the approximated solution. Under these conditions, instability
and divergence problems occurred. Due to these reasons, each analyzed geometry has a different
number of operational points results.
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Figure 12. Variables monitored total pressure at inlet, total pressure at outlet and pressure ratio.
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Figure 13. Total pressure fluctuation at inlet for 2,454 rpm operational condition. The discontinuity shown at
iteration 400 is associated with some sensible boundary conditions modifications made to keep inlet and outlet

total pressure results close to that established in the experimental tests.

6. Results

6.1. Effect of Winglet Geometries on Stage Efficiency

The results obtained with the application of the winglet geometries at rotor tip blades were
compared with those of the flat tip and squealer geometries available in [17,22]. The results of the
nine geometries analyzed are divided into different graphics. Total efficiency versus blade-jet-
velocity results for the 2.90% winglet thickness geometries, combined with the different width values,
are presented in Figure 14(a). Figures 14(b) and 14(c) present the same analysis, respectively for 5.80%
and 8.70% thicknesses. To facilitate the quantitative comparison, these Winglet Geometries results
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were interpolated through a third-degree polynomial function. The following equations were used

to calculate the parameters presented in these figures.
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Figure 14. Efficiency as function of the blade-jet-speed ratio for different winglet geometries: (a) different widths
with 2.90% thickness; (b) different widths with 5.80% thickness; (c) different widths with 8.90% thickness; (d)
different thicknesses with 5.40% width. These graphics also compare the CFD results with those presented in
NASA report [25]. Dashed lines represent the polynomial regressions of each winglet geometry.
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On the results presented in Figures 14(a), 14(b) and 14(c), it is noted that the winglet width has
almost no impact on the turbine efficiency. For winglet geometries with a thickness of 2.90%, the
average efficiency increases over the stage operational range were 0.16%, 0.18% and 0.24%,
respectively for the 2.10%, 5.40% and 8.10% widths. Considering the winglet geometries with 8.70%
thickness, these average increases were 2.22%, 2.23% and 2.08%. For these two thickness values, it is
shown that the winglet width has little influence on the state total.

However, for Figure 14(b), a slightly different behavior was obtained. On this figure there is a
significant difference between the results obtained for the width of 2.70%, when compared with those
obtained for the others. Also, the number of operational conditions that were possible to be simulated
with 5.40% and 8.10% widths, is less than for the 2.70% width, which indicates that this parameter
increases the flow instabilities for a transient condition and also increase the numerical instability.
The boundary-conditions used in the present work consider steady-state regime. Hence, transient
flow condition can push the numerical iterations for divergence.
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Despite these results, it is noted that only the width increases to values above 2.70%, impact the
stage efficiency; for all other geometries studied, no significant influence was noted by this parameter
change. For this reason, another analysis was made comparing different winglet thicknesses, keeping
the width constant. Figure 14(d) shows this analysis; the effects of the variation of the winglet
thickness are observed, keeping the width at 5.40%. As shown in this figure, the winglet thickness
increase tends to increase the turbine total efficiency. This efficiency increase is much more significant
for thickness variation from 2.90% to 5.80%. The total efficiency average increase over the operational
range, in comparison with the flat tip, is of 0.18%, 2.03% and 2.23%, respectively for the 2.90%, 5.80%
and 8.70% thicknesses.

Comparing these results with the ones presented in previous researches [17], it is concluded that
the winglet application is able to provide better improvements on the analyzed turbine performance
than the squealer technique. For reference, the highest average efficiency increase, in comparison
with the flat tip, obtained with the squealer geometries was of 1.43%. As mentioned above, for some
winglet geometries this average increase is higher than 2.0%.

In summary, the stage total efficiency tends to increase with the increase in the winglet thickness.
However, it is noted that there must be a maximum value of this parameter from which the efficiency
remains constant.

The coefficients of the polynomials presented in Figure 14 are shown on Table 2. The quantitative
comparisons between the flat tip and the winglet geometries, are shown in Tables 3, 4 and 5,
respectively for the 2.90%, 5.80% and 8.70% thicknesses. It is also listed the average efficiency increase
for each of these geometries.

Table 2. Coefficients of the polynomial regressions of each winglet geometry.

3 2
Npr =A- v +B- v +C- v +D
Co Co Co

Thickness [%] Width [%] A B C D
2.90 2.70 1.0339 -2.8360 2.5599 0.1098
2.90 5.40 1.1505 -3.1993 2.8677 0.0330
2.90 8.10 2.3079 -4.9466 3.7219 -0.1012
5.80 2.70 0.9700 -2.9132 2.7195 0.05874
5.80 5.40 1.1260 -2.5565 2.1145 0.2718
5.80 8.10 -4.0937 6.2653 -2.8493 1.2008
8.70 2.70 4.3434 -7.9066 5.0558 -0.2616
8.70 5.40 3.2998 -6.0235 3.9295 -0.0389
8.70 8.10 4.2550 -7.7215 49318 -0.2362

Table 3. — Efficiency comparison between flat tip and 2.90% thickness winglet.

Percentage differences relative to flat tip [%]

Parameters u/Co 2.70% width 5.40% width 8.10% width

Average - 0.1624 0.1760 0.2403

DP 0.4706 0.1708 0.1483 0.2909
0.2983 0.2898 - -

Experimental 0.4559 0.1803 0.0899 0.2610

0.6017 0.1315 0.3600 0.2898

0.3860 0.2307 -0.3068 -0.1352

0.4193 0.2060 -0.0921 0.1143

0.4526 0.1825 0.0757 0.2522

0.4859 0.1617 0.2006 0.3084

0.5192 0.1450 0.2868 0.3125

0.5525 0.1340 0.3384 0.2943
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0.5858 0.1303 0.3595 0.2836
Table 4. Efficiency comparison between flat tip and 5.80% thickness winglet.
Percentage differences relative to flat tip [%]
Parameters u/Co 2.70% width 5.40% width 8.10% width
Average - 0.3504 2.0292 2.0485
DP 0.4706 0.2025 2.5643 2.8442
0.2983 - - -
Experimental 0.4559 0.1431 2.7607 3.2627
0.6017 0.4431 1.6614 1.5760
0.4500 0.1174 2.8446 3.4556
0.4726 0.2100 2.5390 2.7937
0.4953 0.2875 2.2759 2.3189
0.5179 0.3491 2.0586 2.0000
0.5405 0.3953 1.8871 1.7997
0.5632 0.4262 1.7621 1.6824
0.5858 0.4415 1.6857 1.6140
Table 5. Efficiency comparison between flat tip and 8.70% thickness winglet.
Percentage differences relative to flat tip [%]
Parameters u/Co 2.70% width 5.40% width 8.10% width
Average - 2.2178 2.2336 2.0803
DP 0.4706 2.6896 2.7865 2.5686
0.2983 - - -
Experimental 0.4559 2.8038 2.9793 2.6967
0.6017 1.6917 1.6386 1.5419
0.4300 2.9451 3.3082 2.8694
0.4560 2.8031 2.9780 2.6959
0.4819 2.5902 2.6389 2.4604
0.5079 2.3405 2.3129 2.1955
0.5339 2.0901 2.0258 1.9368
0.5598 1.8755 1.8031 1.7197
0.5858 1.7304 1.6676 1.5771

6.2. Effect of Squealer Geometries in the Axial Turbine Flowfield Characteristics

Figures 15 and 16 shown the streamlines and static entropy contours regions in the tip clearance
region, respectively. Specifically, for the Figures 15(a) and 16(a) these results are related to the rotor
blade flat tip geometry, and where already presented in previous works [17]. The flow characteristics
on the blade suction side is joined by the leakage flow and is observed the formation of leakage
vortex. Also, it is noted that the flow on the suction side is separated from the blade surface. These

secondary flows favor the trailing edge wake region.
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(a) (b)

() (d)

Figure 15. Streamlines at blade tip: (a) flat tip geometry; (b) 2.90% thickness and 5.40% width winglet geometry;
(c) 5.80% thickness and 5.40% width winglet geometry; (d) 8.70% thickness and 5.40% width winglet geometry.
These results correspond to 3,600 rpm operational condition.
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Figure 16. Static entropy contours: (a) flat tip geometry; (b) 2.90% thickness and 5.40% width winglet geometry;
(c) 5.80% thickness and 5.40% width winglet geometry; (d) 8.70% thickness and 5.40% width winglet geometry.
These results correspond to 3,600 rpm operational condition. The figure shows that the winglet geometries are

able to reduce this property at the blade mid chord, which corroborate to the reduction of the generated region.

These figures, 15 and 16, also show the streamlines and static entropy contours, for the 2.90%,
5.80% and 8.70% winglet thickness, keeping element width at 5.40%. Comparing the behavior of the
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streamlines of the winglet geometries with the ones of the flat tip, a similar behavior is noted. There
are differences in the flow at trailing edge region. The first one is about the leakage vortex, which
with the winglet application presents a higher velocity. This higher velocity may indicate that the
leaked have a greater momentum, compared to the common flat tip. Furthermore, there is an increase
in the stagnation region at trailing edge location. This can generate flow disturbances that tend to
increase the stage losses, and may be associated with the trailing edge geometry. Regarding the static
entropy contours, it is noted that the winglet results shown a lower intensity of this property, when
compared to the flat tip. These are expected results, since the efficiency of the winglet geometries are
higher than the efficiency of the flat tip.

In order to have a better understand about the association of these vortexes, Fig. 17 was
generated based on a stationary reference frame view. For the flat tip rotor configuration this
association is shown on Fig. 17(a). By the analysis of this figure, it is possible to observe that leakage
and scrapping vortexes have different rotation directions, which reduce the region losses.

Figures 17(b), 17(c) and 17(d) show these vortexes, respectively for the winglets with 2.90%,
5.80% and 8.70% thickness, and 5.40% width. Figure 17(b) results are very similar to those shown in
Figure 6.17, which is expected, since the average efficiency over the operational range obtained with
the winglet of 2.90% thickness and 5.40% width, is very close to the flat tip one. In the Figures 17(c)
and 17(d), it is possible to visualize the vortexes behavior at blade tip, midspan and hub locations,
are significantly altered. The scrapping vortex is displaced in relation to the flat tip case, due to the
effects of the leakage and passage vortexes. This is a different behavior in comparison with the results
presented in previous works [17], related to squealer geometries; for these geometries the scrapping
vortex was displaced towards the blade height. Furthermore, the leakage flow velocity through the
blade tip is greater than that observed for the flat tip.
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(b)

(c) (d)

Figure 17. Vortex view in stationary frame: (a) flat tip geometry; (b) 2.90% thickness and 5.40% width winglet
geometry; (c) 5.80% thickness and 5.40% width winglet geometry; (d) 8.70% thickness and 5.40% width winglet
geometry. The figure shows that the leakage and scrapping vortex rotate with different orientations. This is a
positive characteristic since they will decelerate each other, reducing losses in the tip region. The figure also

shows that the scrapping vortex is displaced in relation to the flat tip case. .

As already mentioned, cavitation is a harmful phenomenon that can cause high turbomachines
performance reductions and erosion problems at metallic surfaces. Regarding rockets engines, the
damages caused can lead to the system collapse. Some applications have requirements that make the
operation without cavitation impossible. Soft and moderate cavitations, in general are acceptable for
some applications, but its level should be analyzed and monitored.

The last results that were generated in this study are a comparison between the cavitation
regions along the turbine stage with and without the application of the desensitization techniques.
These results are presented in Fig. 18 and were generated with the same approach proposed in [15,16]
and applied in previous researches [17,22]; the cavitation is considered to occur on the regions that
the reaches the water vapor pressure (~2300 Pa).

Figures 18(b), 18(c) and 18(d) shown the possible cavitation regions for the winglets of 2.90%,
5.80% and 8.70% thicknesses, and 5.40% width, respectively. Considering the results in Figure 18(b),
no significant differences are observed in relation to the flat tip. For other geometries, in the blade tip
location, cavitation tends to become more intense, and at blade suction side, it is observed that there
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was a considerable reduction of this phenomenon. This is an important result, since this phenomenon
reduction tends to decrease the LPRE components damages. The cavitation characteristics in the
blade tip region, can be evaluated carefully during the turbomachine design phase to avoid
performance and safe operational conditions.

Since the same approach described on [15-17,22,24,44] was utilized to generate these results,
they were obtained through monophasic flow simulations. This is an approximation that can provide
adequate results when compared with the multiphase flow simulations, as already discussed in these
previous works. Although this approach is enough to comply with the scope of this research, the use
of multiphase simulations is necessary in analyzes that require a detailed evaluation of the
phenomenon.

The results obtained on this work, show that the application of the proposed treatments is able
to provide interesting benefits for the axial turbine analyzed. Regarding the turbine efficiency, the
results of the winglet geometries, show that these could increase this parameter even more than the
squealer geometries analyzed in previous works [17]. It was also shown that the width dimension in
the winglet configuration has almost no impact on the turbine efficiency. About the winglet thickness
dimension, its increase tends to enhance the turbomachine performance.

(@) | (b)

Figure 18. Cavitation regions: (a) flat tip geometry; (b) 2.90% thickness and 5.40% width winglet geometry; (c)
5.80% thickness and 5.40% width winglet geometry; (d) 8.70% thickness and 5.40% width winglet geometry.

Comparing the results obtained from the numerical simulations considering the rotor flat-tip
and winglet configurations, it is possible to observe that these geometrical arrangements also impact
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the cavitation issues, mainly at suction side region. There is a cavitation increase in rotor blade tip
region. These results are relevant, since they could affect the turbine life cycle.

Despite of the possible benefits of the modified geometries application on the turbine stage
efficiency and other flow characteristics, the analyzes presented in this research are related only to
the fluid flow inside the turbomachine. There are other engineering aspects related to the operation
of these mechanisms that must be evaluated through structural analyzes (stresses, natural frequence,
vibration, Campbell and Bode diagrams), in order to validate the use of these techniques in a real
turbine. Considering the winglet width and thickness geometrical dimensions, those have a crucial
impact on the relationship between fluid dynamic and mechanical characteristics, as well as the
cavitation regions along the stage.

7. Conclusions

The present work is a sequence of previous researches [17,22] that evaluate the application of
desensitization techniques in a hydraulic axial turbine. The results shown in this document are
related with the application of different winglet geometries; although these techniques have been
extensively evaluated on gas turbines, there is a lack of studies evaluating their benefits on
turbomachines that operate with incompressible work fluids.

This research uses as a reference the first stage of the SSME LPOTP hydraulic axial turbine.
Numerical simulations and computational meshes generation processes were carried out,
respectively, making the use of CFX CFD solver and ICEM v.19.2 commercial software, developed
by ANSYS®.

The main conclusions obtained in the present research are:

1. The winglet parametric analysis was performed considering 2.90%, 5.80% and 8.70% thickness,
and 2.70%, 8.40%, and 8.10% width. These percentages are all in relation to the blade height. The
nine proposed geometries results shown that the winglet thickness increase supply a positive
impact on the turbine total efficiency — the greater the thickness, the greater the stage efficiency.
There must be a maximum value of this parameter from which the efficiency remains constant.

2. The winglet width dimension almost does not impact the stage efficiency.

3. In general, the results found in this work show that the winglet geometries analyzed are able to
provide a higher increase in the stage performance than the squealer techniques evaluated in a
previous research [17].

4. Winglet geometry of 8.70% thickness and 5.40% width, provide the highest stage efficiency
average increase (2.23%), over the entire turbine operational range, in comparison with the rotor
flat tip configuration. For reference, the highest average increase of this parameter for the
squealer geometries, available in [17], was of 1.43%.

5. Regarding the vortexes in the tip region, the same behavior shown in previous works for the flat
tip and the squealer geometries were maintained for the winglet modifications: they have a
different rotation direction, reducing the losses on the region. However, for the winglet
geometries that provide the better performance results, it is noted that the scrapping vortex is
displaced in relation to the flat tip case, due to the leakage and passage vortexes effects.

6. The cavitation results obtained with the application of winglet geometries show that would be
possible to reduce the occurrence of this phenomenon at the blade suction side for some
configurations. However, for these same configurations, there is an increase of the cavitation on
the tip region. The effects of these combined changes on the turbine life cycle must be carefully
analyzed thought structural simulations and tests.

7. All proposed and evaluated geometries in this work are pressure side winglet geometries; it
would be interesting to develop analyzes also for suction side and both sides variations of this
desensitization technique.

8. In order to validate the results obtained by the numerical simulations, the development
experimental tests are necessary.
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Nomenclature
CFD Computational Fluid Dynamics
ITA Aeronautics Institute of Technology
LH: Liquid Hydrogen
LPOTP Low Pressure Oxidizer Turbopump
LOX Liquid Oxygen
LPREs Liquid Propellant Rocket Engines
NASA National Aeronautics and Space Administration
PDE Partial Differential Equations
RANS Reynolds-Averaged Navier-Stokes
SST Shear Stress Transport
SSME Space Shuttle Main Engine
TP Turbopump
N Rotational Frequency
m Mass Flow
4 Pressure
i Inlet Condition
0 Outlet Condition
T Total Condition
w Turbine Shaft Power
T Turbine Torque
n Turbine Efficiency
P Density
Ucusing Peripheral Velocity
U/Co Blade-Jet-Speed Ratio
R Turbine Rotor Blade Tip Radius
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