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Abstract: Gas turbine engines are required to operate at both design and off-design conditions that
can lead to strongly unsteady flow-fields and aerodynamic losses severely impacting performance.
Addressing this problem requires effective use of computational fluid dynamics tools and emerging
models that resolve the large scale fields in detail while accurately modeling the under-resolved scale
dynamics. The objective of the current study is to conduct massively parallel large eddy simulations (LES)
of rotating turbomachinery that handle the near-wall dynamics using accurate wall models at relevant
operating conditions. The finite volume compressible CharLES solver was employed to conduct the
simulations over moving grids generated through Voronoi-based unstructured cells. A grid sensitivity
analysis was carried out first to establish reliable parameters and assess the quality of the results.
LES simulations were then conducted to understand the impact of blade tip clearance and operating
conditions on the stage performance. Variations in tip clearance of 3% and 16% chord were considered in
the analysis. Other design points included operation at 100% rotor speed and off-design conditions at
75% and 50% of the rotor speed. The simulation results showed that the adiabatic efficiency improves
dramatically with reduction in tip gap due to the decrease in tip leakage flow and the resulting flow
structures. The analysis also showed that the internal flow becomes highly unsteady, undergoing massive
separation, as the rotor speed deviates from the design point. This study demonstrates the capability of
the framework to simulate highly turbulent unsteady flows in a rotating turbomachinery environment.
The results provide much needed insight and massive data to investigate novel design concepts for the
US Army Future Vertical Lift program.
Keywords: large eddy simulation; turbomachinery; blade articulation; tip clearance; variable speed
power turbine; propulsion; engine performance; Voronoi grid

Energies 2020, 13, 703; doi:10.3390/en13030703

www.mdpi.com/journal/energies

Energies 2020, 13, 703

2 of 19

1. Introduction
One of the key objectives of the US Army Future Vertical Lift modernization program is the
development of advanced gas turbine engine concepts for enhanced mission capability and endurance.
Computational fluid dynamics plays an essential role in achieving this goal, and has been used with
significant success in the cost-effective design of modern engines. Historically, simulations of the internal
flow in gas turbine engines have remained limited to steady state models, mainly due to the exceedingly
large computational resource requirements needed to perform the analysis and the wide range of flow
physics scales present. However, models that can capture unsteady flow phenomena in turbomachinery
are of growing interest due to the urgent need to improve the aerodynamic and thermal performance for
future engine concepts. Due to the rapid increase in computational power and algorithms, large-scale
massively parallel simulations now provide the ability to investigate a wide range of unsteady flow
problems with fewer assumptions and simplifications. These have set the stage for the emergence of
high-fidelity large eddy simulation tools, which open the possibility to explore a much wider design
space and will be crucial towards the development of very powerful, high efficiency, turbomachinery
design innovations.
In today’s engine, the turbine blades shape and position are designed for peak performance at a fixed
rotor speed and incidence angle. This operating condition is called the design point, and is considered
the optimal condition. At the design point, the alignment of the blade tip and flow incidence allows a
smoother passage through the nozzle vanes providing the best aerodynamic and thermal performance.
Operating at off-design conditions introduces excessive flow separation and thermal stresses, and thereby
drastically reduces the aerodynamic performance. To meet next generation vertical take-off and landing
rotorcraft requirements, engines will need to operate with variable speeds, including operation at multiple
off-design points. For example, during hover flight, the engine will operate at maximum speed and
reduce to 51% speed during cruise flight [1]. To maintain performance at multiple speeds, new design
strategies are needed that can effectively minimize losses while maintaining optimal incidence angles
at all times with the blade. Such “incidence tolerant” blade concepts have been investigated by NASA
Glenn Research Center and U.S. Army Research Laboratory for their application to variable-speed power
turbines (VSPT) [2]. VSPT is a key enabling concept needed for balanced performance of high-speed tilt
rotorcraft. Multi-speed operation introduces a wide range of internal flow velocities, Reynolds numbers,
and incidence angles on the blade [3] that will be far from optimized. Attempting to maintain efficiency
solely by slowing down the rotor speed at a fixed pitch may not be feasible for sustained operation.
A useful analysis tool in turbomachinery design is the velocity triangle diagram, here shown in
Figure 1, drawn for both inlet and outlet sections of nozzle guide vane. At design conditions, the incoming
flow to the stator inlet has a tangential velocity component allowing it to enter smoothly into the stator
blade passage with zero incidence. The flow then exits the stator at the absolute velocity vector C2 ,
as shown in Figure 1. The rotor spins with a uniform tangential velocity of the frame of motion specified
by U. The fixed orientation (or angle) of the rotor blades ensures optimal flow passage within the nozzle
guide vanes. At off-design conditions, such as in multi-speed FVL engines, the rotor speeds may vary from
take-off at 100% speed to cruise flight at 51% speed. Figure 1 also shows the resulting velocity triangles
at the off-design conditions of interest. At reduced speeds, the incoming flow to the rotor no longer
enters the nozzle guide vane passages smoothly at zero incidence, as shown by the vector V20 . This flow
misalignment creates a rapid increase in aerodynamic losses due to increased flow separation. Numerous
concepts have been explored in the literature to address this issue. Variable stator vane design is one such
concept that has been successfully applied to marine and ground based turbines [4]. Under this concept,
the performance of the turbine engine is improved by physically changing the angle of the inlet guide
vane [5–8]. The focus in most of these studies, however, has been on improving compressor performance
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rather than the performance of turbine geometry. Roy-Aikins [9] demonstrated that the variable inlet guide
vanes can be utilized to control the airflow into an engine and maintain its aerodynamic performance.
They also reported that vane modulation is limited by inlet separation, fan stall, and resulting vibratory
stresses. This limits the operating range and extensibility of variable stator vane technology. A more
recent concept included articulating the rotor blades to align with the incoming incident flow and aid in
minimizing losses. This was demonstrated by Murugan et al. [10], as shown in Figure 2, where articulating
the rotor blades reduces flow separation and the local wake velocity. The extent to which the rotor blades
can be articulated is limited by mechanical design factors and the possibility of flow choking. One way to
minimize choking is to synchronously articulate the stator and rotor blades, while constraining the throat
area to maintain performance through a wide range of operating conditions.

Figure 1. Representative flow velocity triangles through the stator–rotor passage for design and off-design
conditions under variable speed power turbine operation.

Figure 2. Streamlines through rotor passage indicating reduced flow separation after pitching of the rotor
blade cascade [10].

Tip clearance is another crucial design parameter that substantially impacts the performance of
the high-pressure turbine stage. Tip clearance denotes the radial gap between the rotor blades and the
stationary shroud. It is required to prevent rubbing between the blades and the shroud structure. However,
the pressure difference between the suction and the pressure side of the blades result in leakage of the
fluid through the gap leading to undesirable flow separation and mixing, as shown in Figure 3. The leaked
fluid does not transfer any energy to the turbine blades and therefore directly contributes to performance
losses. The requirement for high efficiency has therefore led to substantial research towards determining
the optimal value for the tip clearance and quantifying the losses associated with it. In their experiments,
Holeskt and Futral [11] demonstrated that a larger tip clearance results in turbine efficiency reduction.

Energies 2020, 13, 703

4 of 19

Booth et al. [12] found that the tip clearance of 1% results in 1–3% loss in turbine stage efficiency. By using
a validated tip clearance model, Bringhenti and Barbosa [13] showed that the reduction in tip clearance
allows for engine operation at lower temperatures because of improved efficiency. Other relevant studies
have utilized idealized models for quantifying heat transfer and losses associated with tip clearance [14–16].
Only in recent years, numerical simulations have been conducted to resolve flow structures formed at
the tip clearance. You et al. [17,18] performed LES simulations on low-speed compressor and captured
complex tip-clearance vortex structures. Meng et al. [19] utilized RANS solver and shear stress turbulence
model to quantify the influence of tip clearance on flow-field and obtain heat transfer characteristics near
the blade tip. At present, there are no LES studies focusing on the tip-leakage flow-field for the single-stage
turbine. In this study, we utilized the LES solver to investigate the effect of tip clearance on the integrated
adiabatic efficiency of the engine. Conventionally, RANS based numerical models have been used for
turbomachinery flows [20,21] because of their low cost and ability to predict mean flow behavior with
reasonable accuracy. At off-design operation, however, the turbomachinery flow-field exhibits complex
secondary flow features characterized by the formation of unsteady vortical structures when the boundary
layers along the hub and shroud surfaces are disturbed by stator and rotor blades. Within the turbine
stage, the secondary flow can develop through a number of mechanisms. Shed vortices near the blade
tip clearance, separation due to non-smooth alignment of flow to the blade at off-design conditions, and
unsteady structures due to boundary layer shock interaction and surface curvature are all examples of
secondary flow. These features can be highly transient with widely varying scales and underlying physics.
They interact directly with the primary flow-field as they are transported by it and cause enhanced mixing,
heat transfer, and excessive energy dissipation. Resolving such transient features of flow are a challenge to
conventional RANS simulations because of the model’s inherent averaging nature. WRLES methods, on
the other hand, are well suited for off-design conditions because of their ability to resolve transient flow
features due to high fidelity. The main factor limiting the usage of WRLES is the very high computational
cost of resolving the turbulent boundary layer near the blade surface. Choi and Moin [22] determined that
grid requirements for a WRLES scale as Re1.86 . This means, in a typical gas turbine geometry operating
at Reynolds number ranging from a few hundred thousand to a million, the number of grid points can
easily reach a billion with most of them used to resolve the boundary layer. A feasible option is to use
wall-modeled LES approach where the viscous sub-layer and the buffer region of the boundary layer are
modeled instead of being resolved, substantially reducing the stringent grid requirements. Few studies
have utilized WMLES for the numerical analysis of compressors [23–25] and turbines [26–28]. These
studies have focused on the development of accurate physics based modeling tools for predictive design
in complex geometries.

Figure 3. Leakage of the flow through the blade tip visualized with respect to the rotor blade [29].

The overall goal of this project is to demonstrate the benefits of using wall-modeled large eddy
simulation tools and massively parallel computing for predictive design in turbomachinery. The work
is conducted as a collaborative effort between US Army Research Laboratory, University of Maryland,
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and Cascade Technologies Inc. to explore novel design concepts for multi-speed engines. The work
considers a realistic high pressure turbine geometry that is studied using the CharLES code [30], based on
moving Voronoi grids, at relevant combustor operating conditions. The paper presents results pertaining
to grid sensitivity analysis and impact of tip clearance and rotor speed on single stage performance.
2. Computational Methodology
2.1. Numerical Method
LES simulations were conducted using CharLES [30], a massively-parallel framework developed by
Cascade Technologies Inc. that utilizes fully compressible Navier–Stokes equations on dynamic Voronoi
grid system [30,31] to simulate flow in complex geometries. The solver has been validated successfully
for high-fidelity analysis of turbomachinery flows [32]. In space, the compressible fluxes are discretized
using a central difference arbitrary Eulerian–Lagrangian (ALE) finite volume method that modifies the
convective velocity at each Voronoi face by subtracting the local mesh velocity [33]. For example, the flux
of density through the Voronoi face is written:
Fρ = ρ(ui − wi )ni

(1)

where ui represents the fluid velocity and wi represents the mesh velocity. The ALE approach allows
the Voronoi mesh points to move at arbitrary speed independent of the flow velocity. To simulate rotor
motion relative to the stator, the Voronoi points on the disk surrounding the rotor are rotated at the speed
of the rotor, while other points associated with the stator and the upstream/downstream region remain
stationary. This approach has the advantage of allowing boundary-fitted meshes in the near-blade region
of both the rotor and the stator that are fixed to these components. The approach introduces an interface
between the moving and stationary regions that resemble a sliding mesh interface. However, unlike the
sliding mesh interface, it is treated fully conservatively using the ALE approach. Another significant
advantage of the Voronoi approach is that the connectivity and mesh details in the interface region can
be reconstructed quickly at each time step using the Voronoi definition, thus removing conventional
overheads due to heuristics and interpolation. For a detailed discussion of compressible flow solutions on
moving Voronoi meshes, the reader is referred to the work of Springel [34]. The compressible flow system
is advanced temporally using an explicit fourth-order Runge–Kutta scheme. Discrete satisfaction of the
moving GCL, however, requires the solution of an implicit system in each time step. The moving GCL is a
statement of conservation of volume and can be written discretely as:
v n +1 − v n
=
∆t

∑

wi n i A

(2)

f aces

where v is the discrete Voronoi volume at two different time levels. In general, the approximation to the
divergence of the face velocities computed from the geometry of the Voronoi diagrams (represented by
the right-hand-side) will not discretely balance the change in Voronoi volume. Similar to fractional step
methods for incompressible flow, we assume the mesh face velocity can be corrected by the gradient of a
scalar, leading to a Poisson system for the face velocity corrections that must be solved in each time step.
Fortunately, the solution of this system is zero (i.e., no correction) in large parts of the mesh where the
mesh velocity is exactly known, making it relatively efficient to solve.
In the present work, the compressible version of the constant coefficient Vreman model [35] was used
as a sub-grid scale model to account for the unresolved scales. At all walls, a local algebraic equilibrium wall
model was applied to compute the stress based on a constant stress layer approximation [36]. The numerical
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scheme was based on an approximately entropy-conserving flux discretization [37]. The accompanying
discrete entropy analysis allowed for a local, matrix based dissipation to be introduced where significant
violations of the second law arose from the inviscid flux calculation.
2.2. Domain Description
The representative single-stage power turbine sector geometry was adopted from the study by
Murugan and Bazilevs [38]. The geometry spans from the combustor exit plane to the engine exit.
It comprises of 24 stator vanes and 34 rotor blades with an inner shaft radius of 77.7 mm, shroud radius of
95.5 mm, and a total length of 210 mm, as shown in Figure 4. The baseline incidence angles are 24◦ for the
stator and 0◦ for the rotor. The stationary component of the geometry comprises the stator vanes and inner
shaft from inlet to outlet with a gap in between for the rotational component. The rotational component
comprises a cylindrical hub with rotor blades attached to it. Independent meshes were generated for
the two components and the Voronoi approach handled the interaction between stationary and moving
meshes. A uniform axial flow with a velocity of 82.3 m/s corresponding to Mach 0.1, a pressure of 2.02 MPa,
and a temperature of 1669.78 K [39] were applied at the inlet boundary. The averaged chord length for
both stator and rotor blades is about 21.1 mm. The inlet Reynolds number is 130,392 with rotor chord
as the reference length. The gas turbine geometry along with its dimensions, boundary conditions, and
components is shown in Figure 4. For this study, all geometrical surfaces were modeled as adiabatic wall
with no slip. While it is feasible to only model a fraction of the power turbine sector due to its axisymmetry,
the entire geometry was used in simulations for the current investigation. Use of a computational domain
based on the complete power sector geometry allowed for adequate development of three-dimensional
turbulent structures in strongly unsteady flow during off-design conditions. Additionally, the next phase
of this investigation is to model realistic sand particle entrained flow through the power turbine sector
after it exits the combustor under high temperature and pressure. Such an inlet condition is no longer
axisymmetric and requires modeling of the full power sector stage.

Figure 4. CAD model of a single stage power turbine sector with baseline dimensions and boundary
conditions [38].

2.3. Mesh Generation
The Voronoi diagram methodology generates a unique grid by taking the geometry surface description
and a set of seed points as input. For the given geometry, the surface topology was generated first followed
by seeding of specified points into the computational domain. The Voronoi concept was then employed
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to generate the complete grid by creating polygons in a manner that each polygon comprises exactly
one seed and every point in that polygon is closer to its seed that any other other seeds. The grid was
then smoothed using Lloyd iterations [40] leading to anisotropic nearly-hexagonal body-fitted meshes.
During the smoothing operation, the generating points were moved to the centroids of their Voronoi cells,
and the Voronoi mesh was recomputed (see Figure 5). An important benefit of including Lloyd iterations
is that this smoothing step can be used to produce boundary alignment of the generating points near
surfaces. It can also be restricted to a subset of the point cloud so that it does not disturb pre-existing point
spacing. For simulation of flow through turbomachinery aided by wall function, relevant studies [41–44]
have suggested that the y+ value between 20 and 200 for the cells nearest to the wall is usually sufficient.
Based on these recommendations, Voronoi grids with three separate resolutions were generated to conduct
WMLES simulations of the flow through the baseline turbine stage geometry and examine grid sensitivity.
These three grids are illustrated in Figure 6 with the relevant y+ values tabulated in Table 1. Note that
the grid esd refined near the boundary layer of the rotor blade in Grid B based on Grid A. The total
number of control volumes for Grids A–C are 7.97 million, 13.5 million, and 79.3 million, respectively.
The mesh resolution near the leading and trailing edges of the rotor blade is also depicted in Figure 6 for
all three grids.

Figure 5. Mesh smoothing using Lloyd iterations where seed points (red) move towards cell centroids
(black +) with each iteration and the Voronoi diagram is recomputed (source: Wikipedia).

Figure 6. Visualization of generated Voronoi meshes in the stator–rotor region for three different resolutions:
(a) Grid A (coarse); (b) Grid B (medium); and (c) GridC (fine).
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Table 1. Averaged smallest wall-normal spacing and y+ value for three grids along the blade/vane surface
operating at design RPM.
Grid
A (7.97M)
B (13.5M)
C (79.3M)

Stator Vanes
y+ =

0.5500 mm,
520
0.5500 mm, y+ = 520
0.1375 mm, y+ = 131

Rotor Blades
0.5500 mm, y+ = 450
0.2750 mm, y+ = 250
0.1375 mm, y+ = 130

3. Results and Discussion
3.1. Effect of Grid Resolution
The generated grids were utilized in LES simulations of flow through the baseline stage geometry at
100% RPM (44700) to understand the sensitivity of predicted flow-field to grid resolution. The baseline
stage geometry comes with a tip clearance of 3.39 mm, which corresponds to 16% of the rotor chord. Since
the time marching scheme used is partially explicit, the time-step size for each grid was selected to ensure
that the CFL remains less than 2 for numerical stability. The resulting time-step values were 2.5 × 10−7 s,
1.25 × 10−7 s, and 4 × 10−8 s for Grids A–C, respectively. To obtain statistically converged flow-field, each
simulation was allowed to run at least five rotor revolutions or 26 flow through time based on the rotor
chord and the inlet velocity. Wall times to complete one rotor revolutions were obtained to be 0.9, 2.4, and
20.1 h for Grids A–C, respectively, using 1536 Intel Xeon E5-2698 v3 processors on Department of Defense
Excalibur high-performance computing platform. This wall time includes the overhead of writing files
needed for flow visualization and data analysis.
Figure 7 shows the azimuthally averaged pressure across the baseline geometry for the three grids.
Note that the azimuthally averaged pressure was computed at a single time instant after the statistical
convergence was reached within simulations. All three grids predict nearly the same trend of mean
pressure in the stream-wise direction, indicating that grid convergence was achieved with respect to the
mean pressure. There are minor differences in the predicted pressure near z = 0 location, which can be
attributed to the resolution of secondary flow characteristics. Figure 8 shows the instantaneous surface
pressure near the location z = 0. Flow separation due to secondary circulation at the sharp corner between
the blade and the hub is clearly visible for the finest grid, Grid C. The coarsest grid, Grid A, is not able to
capture these secondary circulation features completely. Figure 9 shows the mean static pressure profiles
along the stator and rotor blades at two-span heights (50% and 90%). The results from three different grid
resolutions are all consistent over the pressure and suction sides of both blades. Figures 7 and 9 illustrate
that the integrated pressure and temperature values are not strongly sensitive to the grid resolution.
The contours of instantaneous Mach number and temperature are presented for the grids in Figures 10
and 11. Note that the contour planes were obtained by projecting the cylindrical surface with radius
of 86 mm (50% span of the rotor) to the plane. As shown in Figure 10, the vortical flow shed from the
trailing edge of the stator and the small-scale features in the flow are not well captured in Grids A and
B compared to the finest grid, Grid C. Figures 12 and 13 show the mean and RMS contours of Mach
number obtained from phase-averaging over multiple rotations and time-averaging during one rotation
respectively. These figures show that the characteristics of flow and unsteady physics are similar in the
broad-scale for all grids.
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Figure 7. Azimuthally averaged pressure along the axial direction for Grids A–C after statistical
convergence is achieved.

Figure 8. Instantaneous pressure contours at the walls near z = 0 for: (a) Grid A; (b) Grid B; and (c) Grid C.

Figure 9. Mean pressure profiles along 50% and 90% spanwise locations for: (a) stator blade; and
(b) rotor blade.
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Figure 10. Instantaneous Mach number contours near the stator–rotor region at the location of 50% span of
the rotor blade for: (a) Grid A; (b) grid B; and (c) Grid C.

Figure 11. Instantaneous temperature contours near the stator–rotor region at the location of 50% span of
the rotor blade for: (a) Grid A; (b) grid B; and (c) Grid C.

Figure 12. Mean Mach number contours near the stator–rotor region at the location of 50% span of the
rotor blade for: (a) Grid A; (b) Grid B; and (c) grid C.

Figure 13. Contours of RMS value of Mach number near the stator–rotor region at the location of 50% span
of the rotor blade for: (a) Grid A; (b) Grid B; and (c) grid C.
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The time histories of the axial component of torque acting on the rotating part including the rotor
and hub are presented in Figure 14 for the three grids. The flow through time scale is based on the chord
length of the rotor blade (21.1 mm) and the inlet uniform velocity (82.3 m/s). The time for one rotation
corresponds approximately to a 5.3 flow through time. Unlike the pressure in Figures 7 and 9, the predicted
torque values are decreasing with increase in grid resolution, showing 10% errors between finest and
coarsest cases. This indicates that the near-wall flow is still not completely captured by finest grid tested in
the present study.

Figure 14. Time histories of torque in the axial direction on the rotating parts for Grids A–C.

The integrated performance of the turbine stage was quantified using adiabatic efficiency, which is
defined as the ratio of actual and isentropic (ideal) power output. In Figure 7, Station 0 indicates stator
inlet and Station 2 denotes the sufficiently downstream outlet location. The adiabatic efficiency [45] was
obtained from the stagnation quantities at these two stations:
T2
T0
η=
 γ − 1
p2
γ
1−
p0
1−

(3)

With the baseline geometry providing tip clearance of 16% rotor chord, the simulations predicted
adiabatic efficiencies of 51.7%, 51.6% and 54.9% when Grids A–C were used, respectively. Additional
details of predicted flow-field in grid sensitivity simulations at 16% tip clearance is available in the authors’
previous work [46]. The predicted adiabatic efficiency values are lower than typically observed in gas
turbine engines and are likely caused by the losses incurred due to the large tip clearance in the baseline
CAD geometry. To address this issue, the tip clearance was reduced based on previous studies and another
set of simulations was conducted with new tip clearance. The results of these simulations and the effect of
tip clearance are discussed in the next section.
3.2. Effect of Tip Clearance
To investigate the effect of tip leakage flow through the clearance gap between rotor blade and the
shroud, LES simulations were conducted for two values of tip clearance using the finest grid, Grid C.
For the first case, a large tip clearance of 3.39 mm was used, which is equivalent to 16% of the rotor chord.
The geometry was then revised for the second case to reduce the tip gap to 0.62 mm, resulting in a realistic
3% tip clearance Booth et al. [12], Bringhenti and Barbosa [13] with respect to the rotor chord. Figure 15
compares the instantaneous velocity magnitude contours obtained for the two cases in the middle of the
rotor section in a plane normal to the stream-wise direction. At higher tip clearance, the flow is completely
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separated at the blade tips, indicating excessive leakage and increased mixing. This is also apparent
from the increased incoherency in flow structures within the rotor passage for the case with higher tip
clearance. Figure 16 shows the instantaneous static temperature contours for the two tip gaps. At reduced
tip clearance, the overall temperature of the flow is lower compared to the case with a higher tip gap.
Note that all stationary and rotational components were modeled as adiabatic wall with no-slip boundary
condition on the surface. Energy dissipation is expected to be higher in the case of 16%C tip clearance due
to excessive leakage and mixing and can be strongly detrimental to the stage performance. In the baseline
design point simulation, a 16%C tip gap resulted in low adiabatic efficiency of 54.9%. With the tip gap
of 3%C, the adiabatic efficiency increased considerably, to 79.8%. Equation (3) was used to compute the
adiabatic efficiency.

Figure 15. Instantaneous velocity magnitude contours on the plane normal to the axial direction at the
location z = 0 passing through the middle of the rotor section at 75% rotor RPM for: (a) 16% chord tip
clearance; and (b) 3% chord tip clearance.

Figure 16. Instantaneous temperature contours on the plane normal to the axial direction at the location
z = 0 passing through the middle of the rotor section at 75% rotor RPM for: (a) 16% chord tip clearance; and
(b) 3% chord tip clearance.

3.3. Effect of Rotor Speed
Off-design simulations were conducted by reducing the rated RPM to 75% (33,525) and 50% (22,350)
of design value. Tip clearance of 3% chord was used in all simulations to minimize losses due to tip
leakage. The finest grid, Grid C, was used to perform off-design simulations. Significant unsteady flow
characteristics are expected during the off-design operation, which potentially leads to loss of overall gas
turbine performance. Figure 17 shows the mean static pressure profiles along with the rotor blades for
three different rotating speeds at two different spanwise locations. On the pressure side of the rotor blade,
as expected, the pressure increases with a reduction in RPM. At the 90% span height, the pressure is more
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substantially increased because the difference in velocity is higher close to the tip. On the suction side,
however, the pressure curves show different behaviors for the different spanwise locations. The pressure
increases with a reduction in RPM at 50% span height. However, a significant drop was observed in
pressure at the leading edge of the rotor at 90% height for both 50% and 75% RPM cases. The predicted
pressure distribution on the surface of the rotor blade is a result of interaction between multiple phenomena,
including centrifugal forces on fluid, velocity variations due to blade shape, tip leakage vortices, separated
flow, and boundary layer shock interaction. It is not trivial to provide definitive explanation of the
pressure profiles observed along the rotor blade surface for 50% and 90% span locations at different RPM
values. At 90% span location, the effect of centrifugal acceleration and tip-leakage is expected to be higher
compared to 50% span location. This is evident in Figure 16 as the large difference between the maximum
and minimum value of pressure coefficient at 90% span location for all three rotor speeds. Considering
only the rotor speed, since the same power is maintained, the torque is minimum for the highest RPM.
The area enclosed by the pressure coefficient curve is indicative of the aerodynamic force acting normal to
the blade that directly contributes in torque calculation. As such, the area observed for the highest RPM is
smallest at both span locations.

Figure 17. Mean pressure profiles along the rotor blade surface for different rotating speeds at: (a) 50%
span of the rotor blade; and (b) 90% span of the rotor blade.

Figures 18 and 19 present the contours of instantaneous Mach number at two span heights, illustrating
the unsteady flow structures between the stator and rotor blades at different speeds. The contour planes in
Figures 18 and 19 are depicted by projecting the cylindrical surface at 50% and 90% span height of the
rotor blade, respectively. The differences in unsteady flow characteristics for different rotating speeds
are captured from the mean and RMS contours in Figures 20 and 21. Figure 20 clearly shows that the
unsteadiness increases dramatically downstream of the rotor as the RPM deviates from the design point.
In addition, in Figure 21, the higher RMS value of Mach number on the suction side of the rotor blades
for cases with 50% RPM and 75% RPM indicates larger extent of flow separation at off-design conditions
when compared to design operation at 100% RPM. The time histories of torque in the axial direction on the
rotating part is shown in Figure 22 using the flow through time scale. The power produced by the turbine
stage is approximately same for all three rotor speeds and therefore the predicted torque rotor decreases
with increase in operating RPM.
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Figure 18. Instantaneous Mach number contours near the stator–rotor region at 50% span location of the
rotor blade for: (a) 50% RPM; (b) 75% RPM; and (c) 100% RPM.

Figure 19. Instantaneous Mach number contours near the stator–rotor region at 90% span location of the
rotor blade: (a) 50% RPM; (b) 75% RPM; and (c) 100% RPM.

Figure 20. Mean Mach number contours near the stator–rotor region at 50% span location of the rotor blade
for: (a) 50% RPM; (b) 75% RPM; and (c) 100% RPM.

Figure 21. Contours of RMS value of Mach number near the stator–rotor region at 50% span location of the
rotor blade for: (a) 50% RPM; (b) 75% RPM; and (c) 100% RPM.
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Figure 22. Time histories of torque in the axial direction on the rotor at 50%, 75%, and 100% RPM.

Figure 23 shows the instantaneous wall shear stress distribution on the surface of the blades for three
RPM values. Wall shear stress plays an important role in determining particle deposition patternation
on blade surfaces when the flow is entrained with molten sand/dust particles. Wall shear stress patterns
in Figure 23 indicate that cases with 75% and 50% RPM experience a faster transition to turbulence and
higher flow separation. Abrupt changes in wall shear stress on the suction side of the stator blades indicate
the occurrence of multiple shocks within the stator–rotor passage. The variation in adiabatic efficiency
with rotor RPM for the two tip clearances is shown as a bar chart in Figure 24. The adiabatic efficiencies at
16% chord tip clearance were obtained from the authors’ previous publication [46]. As evident in the bar
chart, the reduction in efficiency with deviation in RPM from design value highlights the performance
deterioration at off-design conditions due to the increase in unsteady flow interaction. The sharp differences
in predicted performance is also apparent in the bar chart for the two tip gaps.

Figure 23. Instantaneous wall shear stress on stator and rotor surface for: (a) 50% RPM; (b) 75% RPM; and
(c) 100% RPM.

Figure 24. Predicted adiabatic efficiencies at different rotor speeds for two tip clearance values.
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4. Conclusions and Future Work
Detailed wall-modeled large eddy simulations of flow through the power sector stage of a gas
turbine engine were carried out in this work at realistic operating conditions using a highly scalable finite
volume based compressible solver framework. To understand the grid requirements of the simulations
and assess the capability of solver in predicting unsteady turbomachinery flow-field, a grid sensitivity
analysis was conducted first by performing simulations over three grids at different resolutions at design
operating condition. The grids were generated using Voronoi-based description and were smoothed
using Lloyd iterations. The analysis showed that the generated grids are resolved sufficiently to establish
grid convergence with respect to the pressure and integrated stage performance but may require further
refinement to resolve near-wall flow features and improve torque prediction. Mean pressure profiles
along stator and rotor blade surfaces were also computed and were found to be nearly insensitive to grid
resolution. Large eddy simulations were then carried out to quantify the impact of tip clearance on the
predicted adiabatic efficiency of the stage by utilizing the finest of the three grids. Tip clearance of 16%
rotor chord and 3% rotor chord were used for this analysis. It was found that the efficiency improved
substantially when the tip clearance was reduced from 16% to 3% due to decrease in tip leakage flow
and the resulting secondary flow structures. Simulations were also carried out at different operating
conditions. To simulate off-design conditions, the rotor speed was reduced to 50% and 75% of the rated
value. The results show that the flow becomes highly unsteady as the rotational speed of the rotor is
reduced from the design point value. For the given power, the torque acting on the rotor increased
with decrease in rotational speed. Changes in rotational speed considerably altered the mean pressure
profile along the rotor blade surface with significant impact observed at the span locations closer to tip.
The numerical framework utilized in this study is well suited to conduct future design investigations
of the blade articulation concept because of the demonstrated high computational efficiency, fidelity in
predicting transient flow features, and integrated stage performance with acceptable accuracy.
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Future Vertical Lift
Geometric Conservation Law
High Performance Computing
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