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ABSTRACT

The trend towards increased by-pass ratio has implied a significant growth in the radial
extension of every component in modern aero engines. This has made the design of the
Turbine Vane Frame (TVF), the S-shaped duct located between the High-Pressure Tur-
bine and the Low-Pressure Turbine, more difficult. The main benefit that the TVF offers
is the reduction of the engine length, and therefore the reduction of its weight. The chal-
lenge in the design of the TVF is the fulfillment of both mechanical and aerodynamical
requirements: on one hand, the TVF must provide mechanical support to the outer casing
of the engine. On the other hand, the TVF must guide the flow to an increasing radius
while at the same time providing flow turning with very low-aspect-ratio blades. Attempts
were made in the literature to improve the performance of the TVF. However, the full de-
sign space was never fully exploited. For instance, the blades were optimized separately
from the endwalls. In this paper, the TVF is optimized including the main strut, two split-
ter blades, and the hub and shroud endwalls. The total number of degrees of freedom is
around 300 which led to a 30% loss reduction. Given the high number of degrees of free-
dom, a gradient-based optimization framework that allows tackling large design spaces
thanks to the adjoint method is employed.

The comparison between the optimized geometry and the baseline highlighted some
trends. The optimal endwall presents first a concave and then a convex shape in the bladed
region. This promotes deceleration in the boundary layer at the leading edge and acceler-
ation at the trailing edge. The initial deceleration allows for a reduction in the losses due
to secondary flows, whereas the final acceleration prevents flow separation. Additionally,
blade bowing can provide a further deceleration at the leading edge of the blade, enhanc-
ing the effect of the concave endwall. Finally, rear and uniform blade loading seems to be
optimal, because it reduces flow deceleration on the suction side near the end of the blade.
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NOMENCLATURE

Letter
C.. axial chord 0 flow angle
J objective function 0] trailing edge angle
L angular momentum o Solidity
m mass Abreviation
Py total pressure TVF Turbine Vane Frame
R radius LPT Low-Pressure Turbine
t thickness HPT High-Pressure Turbine
u tangential direction CFD Computational Fluid Dynamics
X,  computational grid RANS Reynolds Averaged Navier-Stokes
Ay Trailing Edge position SQP Sequential Quadratic Programming
6] metal angle

INTRODUCTION

Higher efficiencies of modern aircraft engines have been
mainly achieved by increasing the bypass ratio (Géttlich
2009). This trend has led to a steady increase in the radial
dimension of the engine and introduced several challenges
in the design of its components. One of the introduced chal-
lenges is the design of the Turbine Vane Frame. The pri-
mary purpose of the TVF is to guide the flow from the High-
Pressure to the Low-Pressure Turbine, while simultaneously
providing flow turning. The geometry of the TVF consists
of an S-shaped duct, equipped with low-aspect-ratio blades
which provide access to oil, cooling air supply lines, and me-
chanical support for the outer casing of the machine. These
blades are called struts. In order to provide the necessary
flow turning for the Low-Pressure Turbine, splitter blades Figure 1: Geometry of the tur-
are also present. Fig. 1 shows a typical turbine vane frame.  bine vane frame

The main benefit offered by this multi-purpose compo-
nent is the reduction in the axial length of the engine, which
results in the reduction of its weight (Marn et al. 2009). The main challenge of this compo-
nent lies in the complex interaction between its elements. The structural vane is sensitive to the
negative incidence and it causes blockage, worsening the circumferential nonuniformity of the
splitters (Lavagnoli et al. 2011). Additionally, strong secondary flows are present due to the low
aspect ratio of the blades (Norris and Dominy, 1997). Attempts have been made in the literature
to optimize the geometry of the blades and the endwalls separately (Yang and Wu 2016). Ad-
ditionally, Clark et al. (2017) proposed the optimization of the 3D, multi-splitter configuration
where each blade is parametrized using 6 degrees of freedom along three main sections. This
is however in contrast with Masterts et al. (2017), where the suggested number of degrees of
freedom for each blade profile is between 50 and 90.

In order to exploit further performance improvements, the optimization presented in this
paper considers both endwalls and blades simultaneously, resulting in a total of 300 design
parameters. To cope effectively with 300 design variables, a gradient-based adjoint method is




employed (Giles 2000). This paper is structured as follows: first, the optimization framework
is briefly described, including geometry parametrization, meshing, as well as flow and adjoint
solvers. Then, we describe the optimization problem and discuss the results by comparing the
optimized TVF against the baseline geometry.

METHODOLOGY

Fig. 2 summarizes the optimization
methodology: from an initial set of de-
grees of freedom «, the geometry of e
the TVF is constructed. Then the ellip-
tic grid generation constructs the mesh
X, and the CFD solver calculates the —{_Geometry Generation |4
performance J. The Adjoint solver then X,
solves the inverse problem and the gra- — A
dient % is provided to the Sequential —|__ Grid Generation_ |

Quadratic Programming optimizer. The - A (a)
SQP optimizer provides a direction for R4 | ]

the minimization of the objective and . [ i )
performs a non-derivative line search to d—; ! U

ensure the respect of the Wolfe con- ' I Adjomt |

ditions (Wolfe, 1969). Once a suit- m

able update for the design variables is | ax,

obtained, the next major iteration re- of Gradieat Computstion |

starts again from the geometry genera- |

tion, closing the optimization loop. The N

optimization is terminated when both dj - F
the update in the objective function and da; L 4

the L, norm of the gradient are below | Optimum I
a pre-defined tolerance. Every step of

Fig. 2 is performed with in-house soft- Figure 2: Optimization procedure
ware.

Parametrization and design variables

In the present paper, Bezier curves are used to parametrize the geometry of the blades and
of the endwalls. The number of design parameters is 294, 24 of which are for the hub and
shroud, 85 for each splitter, and 100 for the strut. The chosen parametrization provides high
coverage of the design space, in line with Masters et al. (2017). The rationale is divided into
two main parts: the 2D blade definition and the meridional definition. The 2D blade definition
starts from the camber line and thickness distribution, as presented in Fig. 3. Firstly, the inlet
metal angle 3;,, outlet metal angle f3,,;, and stagger angle  are defined. The value of the axial
chord C,, is set, and then the camber line is completely determined (Fig. 3, right). Then, to
generate the pressure-side and suction-side curves, bezier control points are offset perpendicular
to the camber line and this constitutes both curves. For the leading edge of the blade, the radius
of curvature is set and this is translated into a constraint for the first two control points of
the pressure side and suction side curves. The trailing edge of the blade is approximated as
a semicircle and the connection with the pressure and suction side curves is controlled by the



trailing edge wedge angles ¢gs and ¢pg. Finally, the spacing to the adjacent blade is defined
by the pitch.

In order to guarantee the continuity of the blade in the radial direction, the parameters that

control the 2D blade profiles are defined by a continuous function that spans from hub to shroud.
For example, the trailing edge position A,,; at a particular radius  is obtained by the continuous
function A, (7). The advantage of this representation is that the blade is defined in every radial
position with continuous curvature. Therefore, there is no need to use a shape space to ensure
continuous curvature as in Clark et al. (2016). The control points of A, (r) are the degrees of
freedom of the optimization problem.
The connection between the 2D blade profiles and the 3D blade is performed via transfinite
interpolation. After defining the hub and shroud curves according to Fig. 4, a series of surfaces
spanning from hub to shroud is defined (Fig. 5). The 2D blade profile defined at the specific
radius of the aforementioned surface is first selected and then interpolated from the 2D space
onto the 3D surface. This layer-by-layer deposition of 2D blades provides the final shape of the
3D blade. The initial blades were obtained by extruding a previous 2D optimization (Orsenigo
2019) and the baseline endwalls were taken from the European project TATEF2 (Olive 2008).

Figure 3: Geometrical parametrization of 2D blades
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Figure 4: Hub and shroud curves with control points



Objective and Constraints
The objective is to minimize the total pressure loss coefficient .J at design point:

o PO,in - PO,out

J = 1
PO,in_Pout ()

where Fp i, Poout, and P, are respectively the total inlet pressure, total outlet pressure, and
static outlet pressure.

The outlet flow angle ,,,; is constrained to be the same ad the baseline one oyt design. This
is achieved by imposing the design outlet flow angle as the minimum value for the outlet flow
angle:

1_L§0 )

5out,design
This inequality constraint keeps the outlet flow angle as close as possible to the baseline one.
Finally, having good flow uniformity is important for the LPT after the TVF. This require-
ment is implemented in a simplified way: the outlet metal angle f,,; of the strut and of the
splitter, despite being variable, must be the same among the three blades.

6out,strut = Bout,splitterl = 6out,splitter2 (3)

Grid generation

A multiblock structured grid with a total of 1.2 mil-
lion cells is generated using an elliptic grid generator.
A prior mesh convergence study was performed and
the chosen cell count is the following: the splitters con-
tain 300,000 cells and the strut 600,000 cells. The first
cell height was set to achieve a value of y* ~ 1. The
3D mesh is generated using the layering technique: the
2D elliptic mesh generator solves the elliptic equations
of Steger and Sorenson (1979) and creates a 2D mesh.
Then the 2D meshes are layered in the radial direc-
tion and this creates the 3D mesh. The mesh genera-
tor allows for automatic code differentiation with the
complex-step approach (Martins et al. 2003). This al-
lows calculating %, the sensitivity of the grid with
respect to the design variables (Eqn. 4), in an auto- Figure 5: 3D grid generation by layer-
matic way. The flow sensitivity % is calculated from ing 2D grids

the adjoint variable, and then the gradient Z—J 1s com-

puted by using the chain rule as follows: ¢

dl _ dJ dX, @
doo  dX4 do

CFD and Adjoint solvers

The evaluation of the performance was carried out by solving the compressible Reynolds Averaged
Navier-Stokes (RANS) equations with an in-house solver (Mueller 2019). Spatial discretization employs
a cell-centered finite volume on multiblock structured grids. The perfect gas assumption was made, and
the Spalart Allmaras turbulence model was selected for the turbulence problem closure. Solid walls were
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considered adiabatic. At the inlet of the computational domain, the total pressure, total temperature, and
flow angle profiles were imposed. At the outlet, the pressure was prescribed with a correction accounting
for radial equilibrium. The discrete adjoint technique was used for the calculation of the flow sensitivities.
The flow sensitivities were solved with an adjoint code, which has been validated against complex-step
gradients (Mueller 2019).

RESULTS
Fig. 6 shows the evolution of the normal-
ized objective function and the outlet flow an- 01 §

gle constraint. The optimization converged in - 0.1
0.05

17 iterations and no further improvement of g
the objective could be found by the algorithm W‘Aﬂ”ﬁ o
while satisfying the imposed constraint. The osF ;

o

o
=)
3

achieved reduction in the pressure loss coeffi- = | .' 82{16;‘,';;[[]] o1 =
cient is roughly 30 %. 2 O g

Fig. 7 (a) and (b) compare the losses of the %-0.15 . g
baseline and the optimized geometry at a plane © oz : 3]
located 30% axial chord downstream of the s
blade row. The entropy production of the opti- 025F
mized case is lower than the one of the original ok
geometry. In particular, the core of the losses w

0351~

in the hub region significantly decreased. In ’ 0
order to investigate the main sources of loss
generation, we discuss the geometric modifica-
tions of the optimized geometry and their im-
pact on the flow field in the following sections.

Figure 6: History of objective and constraint
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Figure 7: Loss contour 0.3 axial chords downstream the blade row



Geometry analysis

Fig. 8a compares the baseline and optimized blade profiles. Blade bowing was applied to the opti-
mized TVF geometry and this reduced the losses by increasing the mass-flow rate passing in the center
of the channel. This is in line with Wang et al. (1993), who show how positive bowing decreases the
overall total pressure loss coefficient. Fig. 8b shows the optimized strut in the meridional plane. The
optimized channel is concave at the leading edge of the blade and convex near the trailing edge. Accord-
ing to potential flow theory, the flow around a concave wall has a velocity gradient such that the velocity
increases perpendicularly away from the wall. This results in a reduced velocity in the endwall region at
the leading edge of the blade and, as will be discussed later, it reduces the secondary losses. Conversely,
the convex end wall near the trailing edge promotes a higher velocity toward the wall, and thus acceler-
ation occurs near the endwall at the trailing edge. This acceleration, as it will be further described later,
prevents flow separation.

The optimal chord is reduced at midspan compared to the endwalls in Fig 8b. The radial evolution
of the optimal blade solidity (¢ = C,,/pitch) can be explained by considering two sources of losses:
the profile losses and the secondary losses. At midspan, the high-momentum flow produces high-profile
losses. Therefore, a profile with lower solidity is beneficial since it reduces friction losses. On the other
hand, the low-momentum fluid in the endwall region is characterized by the presence of secondary flows.
A profile with higher solidity is beneficial since it provides better control of the low-momentum fluid and
avoids sudden deceleration that can trigger flow separation.

| Shroud
TE
LE
Hub

(a) Frontal view of strut in orange, splitter 1 in (b) Main strut details: baseline in grey, optimized
green, splitter 2 in violet in orange

Figure 8: Comparison between initial (grey) and optimized (coloured) blades

Fig. 9 compares the blade profiles at the hub, midspan, and shroud. Splitter 1 (green) and splitter 2
(purple) of the optimized geometry present a stagger angle that increases towards the shroud. This result
comes from the conservation of the angular momentum (L. = R x mw) around the axis of the machine.
As the flow leaving the vane frame goes to a higher radius, the tangential momentum remains constant,
(r - v, = const ). In the optimized case, the radius at the trailing edge is lower, so as to maintain the
same tangential velocity at the domain outlet, a larger tangential velocity v,, at the shroud trailing edge
is required.
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Figure 9: Blade profiles at hub, mid, and shroud. Baseline geometry in black. Optimized
geometry: strut in orange, splitter 1 in green, splitter 2 in violet.

Profile losses

Fig. 10 represents the limiting streamlines obtained by projecting the stress tensor onto the blade
surface and then performing integration. The flow direction is from right to left. The baseline geometry
presents a region of flow separation near the trailing edge of the three blades. This flow separation is
more pronounced in the shroud region where the flow has low momentum and the cross-sectional area of
the component is increasing. The low-momentum fluid in the separation region is then pushed into the
hub region by the radial pressure gradient due to the swirl of the flow. This is the main reason why in
Fig. 7 most of the losses are concentrated in the hub region.

For the optimized geometry, on the other hand, the separation region is resolved, and all the limiting
streamlines are flow-aligned.
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Figure 10: Comparison of blade limiting streamlines: baseline (left) and optimized (right)



Secondary flows

Secondary flows are another source of losses. Fig. 11 represents the limiting streamlines and the
pressure contour at the hub and blades. In the baseline geometry, in the hub region next to the strut,
the trace of the horseshoe vortices is visible. In the optimized case, the characteristic dimension of
the horseshoe vortex changes significantly. In particular, the saddle point has moved more upstream
compared to the baseline case and the characteristic velocity in the endwall region is smaller, thanks to
the concave shape of the endwall. The higher dimension of the horseshoe vortex, associated with the
smaller characteristic velocity in the endwall region suggests that the dissipation generated by the vortex
core is smaller in the optimized case.
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Figure 11: Comparison of hub limiting streamlines: baseline (left) and optimized (right)

Mass redistribution

Fig. 12 represents the distribution of the mass flow between the baseline and optimized cross-section
in proximity to the leading edge of the main strut. The contour is the mass contribution of every cell
normalized by the overall mass flow rate. The higher the value, the more mass flow rate goes through.
More mass flow goes through the center of the channel in the optimized case compared to the baseline.
This mass redistribution is beneficial since most of the losses are near the endwalls. By increasing the
mass flow delivered to the center of the channel core, the amount of mass delivered toward the endwalls
is reduced. This in turn reduces the overall, mass-averaged losses.

Blade loading

The load distribution on the blades is provided in Fig. 13. The isentropic Mach number is presented
as a function of the dimensionless axial chord S/.Sy for midspan, close to the hub and close to the shroud.
The baseline strut was front-loaded and this caused a rapid acceleration around the blade leading edge,
followed by a deceleration towards the trailing edge. This was causing flow separation, especially in
the proximity of the endwalls. Additionally, the isentropic Mach number in the proximity of the leading
edge of baseline splitter 1 suggests a problem of negative incidence. Furthermore, the peak isentropic
Mach number of splitter 1 is high and this forces a sudden diffusion towards the trailing edge of the blade.
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Figure 12: Mass flow rate distribution: baseline (left) and optimized (right)

In the optimized case, the strut is rear-loaded and this allows to avoid the flow deceleration that was
characterizing the baseline geometry. Additionally, the Mach number peak at around 90% axial chord of
splitter 1 is reduced and this results in a lower deceleration of the flow toward the trailing edge. Overall,
the profile of the isentropic Mach number is more uniform in the optimized case, both along the radius
and among the blades. This results in a more uniform load distribution and a consequent reduction in the

losses.
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Figure 13: Blade isentropic Mach at midspan (filled), hub (dot-dashed) and shroud (dashed).
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CONCLUSIONS

The present work investigated the aerodynamics of a 3D multi-splitter turbine vane frame equipped
with structural load-bearing struts and splitter blades. The optimization of the component was success-
fully conducted using 294 design variables, including variable chord, thickness, lean, sweep, and endwall
geometry. The optimization demonstrated the effectiveness of gradient-based optimization methods, as
well as the importance of considering both blades and endwalls at the same time. The losses have been
reduced by 30% at design operating conditions and the following observations have been made on the
optimized geometry:

e The optimal endwall presents a concave and then convex shape in the proximity of the strut. This
helps to reduce the losses due to secondary flows and to prevent flow separation at the trailing
edge of the blades.

e The optimal strut exhibits a certain degree of bowing, which helps to further decrease the losses
due to secondary flows.

e The optimal blades are rear-loaded which helps to avoid flow separation. Additionally, the maxi-
mum isentropic Mach number is the same for every blade and along the radius.
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