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I. Introduction 
 
The aerodynamic performance of the Low-Pressure Turbine (LPT) section is vital to the 

overall capability, size, weight, and cost of aircraft gas turbine engines. In high-bypass turbofan 
engines, the LPT-driven fan powers as much as 80% of the engine thrust and can account for 
nearly a third of the overall engine weight [1]. In order to achieve large pressure ratios, the LPT 
section can contain over 1000 individual airfoils [2]. Technology improvements that enable 
design trades on power extraction for a given size, weight, and part count are a focus of research 
in the LPT section. A key design parameter that drives the size and part count in the LPT section 
is the blade aerodynamic loading level. As the loading level of individual blades in the turbine 
are increased, fewer blades are required to extract the same amount of power from the flow. 
Aerodynamic loading is directly related to airfoil curvature. As the curvature is increased, the 
adverse pressure gradients on the suction surface grow. At low Reynolds number operating 
conditions, the blade suction surface boundary layer can separate due to the strong adverse 
pressure gradient, severely degrading performance. High-lift blade profiles that perform well at 
low Reynolds numbers have been designed by using front-loaded pressure distributions Refs. 
[2,3], but performance in the endwall region is typically neglected for midspan design purposes 
[3]. The work of Schmitz et al. [4], which included full stage rotating experiments, showed that 
rigorous physics-based design processes can be used to produce a high-load stage geometry that 
meets performance goals. A challenge remains in the endwall region where increased loading 
levels can lead to high endwall losses. The complex flow interactions and loss generation at the 
junction of the blade and endwall are difficult to predict numerically. Techniques to mitigate 
endwall losses and validated numerical tools to design and predict their benefit are necessary to 
increase LPT blade loading in aircraft engines.  

Various approaches to reduce losses and improve blade performance in the endwall region 
can be found in the literature. These techniques include passively shaping the blade and/or 
endwall geometries; or actively controlling the momentum along the endwall and blade surfaces 
to manipulate the secondary flow and reduce losses. Examples of active approaches can be found 
in Refs. [5-7] amongst others.  

Passive approaches to improve endwall aerodynamics range from the addition of fence-like 
structures to full three-dimensional shaping of the junction flow region. Kawai et al. considered 
the size and location of fences placed on the endwall [8] and provided visualization of the 
secondary flow with and without the fences installed [9]. The work showed that optimal fences 
must be small relative to boundary layer thickness and positioned to trap the pressure side leg of 
the horseshoe vortices reducing their interaction with the blade surface [8]. Chung et al. [10]  

investigated an endwall fence in a cascade simulator to improve film cooling effectiveness. In 
their configuration, the addition of the endwall fence reduced the strength of the endwall vortical 
flow and moved it further away from the suction surface, reducing the aerodynamic losses 
associated with the endwall flow. Aunapu et al. [11] implemented a similar fence to the one 
described in [10], then replaced the fence with a row of steady jets. They found that the jets 
could divert the path of the passage vortex, however the jets increased the aerodynamic losses in 
the passage.  

Modifications to the shape of the blade junction with the endwall have also been shown to 
influence the secondary flow. The work of Sauer et al. [12] showed that thickening the leading 
edge of the blade very close to the endwall, referred to as a leading edge endwall bulb, 
strengthened the suction side leg of the horseshoe vortex affecting endwall vortices strengths and 
interactions, and reducing overall secondary losses. Lyall et al. [13] showed that the endwall 
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losses of a front-loaded high-lift blade can be reduced by contouring the blade shape near the 
endwall with a low stagger angle profile. Decreasing the stagger angle near the endwall reduced 
the strength of secondary flow vortices and compressed their effect toward the endwall, reducing 
aerodynamic losses [14].  

While effective, shape contouring at the junction with the endwall uses a limited portion of 
the available design space in a turbine passage. Another approach is to three-dimensionally shape 
the entire endwall region between the blades by strategically adding hills and valleys. Three-
dimensional contouring is typically referred to as non-axisymmetric endwall contouring. Early 
research in this area includes the paper by Atkins [16] who applied non-axisymmetric endwalls 
in a linear cascade and found an increase in losses. Rose [17] designed non-axisymmetric 
endwalls to improve the circumferential uniformity of the static pressure field in a nozzle guide 
vane and thus reduce rim seal leakage. Their design approach used streamline curvature to 
modify the static pressure field. Many detailed studies followed these early works with a focus 
on reducing negative effects of endwall flows, making endwall contouring an active research 
area for nearly two decades. Studies in linear cascades through rig testing have shown that 
contouring of the endwall can significantly reduce passage losses (e.g., Refs. [17-22]). Praisner 
et al. [22]  performed a study on high-lift (Zw=1.4) and conventional-lift blades with and without 
non-axisymmetric endwall contouring to compare the benefits of using endwall contouring. 
Ultimately, the study was an attempt to reduce the losses of the high-lift blades to the same level 
of the conventional lift blade [22]. The endwall contours were produced in an optimization 
routine using sequential quadratic programming with the design goal of reducing row total 
pressure loss. They found non-axisymmetric contouring had less benefit on an aft-loaded blade 
compared to a front-loaded blade and that the contour for the front-loaded, high-lift airfoil had a 
more extreme shape compared to the aft-loaded airfoil [21].  

The studies mentioned above show that both blade profile and endwall contouring are 
methods capable of reducing endwall losses through high-lift blade passages. Design approaches 
that optimally shape both the blade profile and endwall contour will be most effective at 
reducing endwall loss through the passage. Development of these complicated three-dimensional 
shapes require both a better fundamental understanding of how these contouring approaches 
reduce aerodynamic losses and accurate numerical design tools. 

This investigation details the numerical tools, workflow, design and experimental validation 
of endwall contours for the front loaded high-lift (L2F) research profile. Two endwall contours 
were developed and tested in a low speed linear cascade wind tunnel. The first contour was 
designed based on approaches described in the open literature, while a second contour was 
designed using a genetic algorithm to develop an optimized contour based on a minimization of 
passage total pressure loss coefficient. The optimization process produced an aggressive endwall 
shape compared to the first shape. Detailed experimental measurements are compared with 
numerical simulations validating the design methodology and providing insight into the fluid 
dynamic mechanism responsible for the reduction in endwall losses.  
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II. Endwall Flow Description 
 
The turbine flow field has been examined and described by many researchers (e.g., Ref. [23]). 

Several vortical structures are present in both conventional lift and high lift airfoils. At the 
junction of the blade and endwall, the incoming boundary layer (BL) approaches the leading 
edge creating an adverse pressure gradient. The BL then separates and rolls-up into what is 
typically described as a horseshoe vortex (HV) structure. The HV wraps around the leading edge 
of the airfoil forming two legs denoted by the respective half of the passage in which the vortex 
resides (i.e., pressure side (PS) and suction side (SS)). The pressure side leg of the HV extends 
across the passage forming what is referred to as the passage vortex (PV). The vortices in the 
endwall region interact with each other in the downstream half of the passage generating losses. 
Additional vortices in the endwall region of turbine blades include corner separations and the 
trailing edge shed vortex. The latter vortex forms in the wake of the blade due to the spanwise 
change of the blade circulation [24]. 

This study details endwall shape optimization of the L2F LPT research profile. The L2F is a 
front-loaded, high-lift, airfoil with the same design gas angles as the Pratt & Whitney Pack B 
research airfoil, 35° and 60° for the inlet and exit angles, respectively [3]. The L2F has a design 
Zweifel loading level of 1.59 compared with 1.15 for the Pack B. The peak loading location is 
near 25% axial chord resulting in a more gradual pressure recovery along the remainder of the 
blade suction surface. At the midspan location, the L2F has excellent Reynolds-lapse in total 
pressure loss compared to similarly loaded blades with more aft loaded pressure distributions 
[3,13].  

Several recent investigations [7,13-15,25-27] of high-lift LPT endwall aerodynamics have 
been accomplished using the L2F geometry in a low-speed linear cascade wind tunnel. An 
accompany Implicit Large Eddy Simulation (ILES) has been developed and described in Gross 
et al., [28]. Detailed comparison of the simulation and experimental measurements showed 
excellent agreement in both velocity distribution and loss generation [15,28]. The experiments 
and simulation together provided a detailed understanding of the time-averaged endwall flow 
structures and loss generation through the passage.  

Visualization of the time-averaged endwall flow using the results from the ILES is shown in 
Figure 1.  
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Figure 1 Visualization of the time-averaged endwall flow structures through a low-speed linear 
cascade of high-lift, front loaded LP turbine blades. 

The Reynolds number of the numerical simulation is 100,000 based inlet velocity and blade 
axial chord. The image perspective is from downstream viewing into the passage upstream 
towards the suction side trailing edge. Isosurfaces of Q-criterion show the dominant vortical 
structures within the passage of the L2F. The isosurfaces have been colored by secondary 
vorticity to indicate the rotational direction. Blue reflects a clockwise (relative to the view) or 
negative rotation in the axial direction. The red isosurfaces represent counterclockwise or 
positive rotation flow in the axial direction. Three sets of streamlines were seeded from points 
located at 1.8%, 18%, and 36% of the boundary layer thickness and are colored, blue, red, and 
black respectively. 

The visualization in Figure 1 shows several significant three-dimensional endwall structures 
through the front loaded passage. The pressure side leg of the horseshoe vortex (PSHV), formed 
at the junction of the blade leading edge and endwall, extends across the passage under the 
influence of the cross-passage pressure gradient. The PV structure is strengthened and fed by the 
secondary flow across the passage. The PV interacts with a strong corner separation and vortical 
structure originating along the blade suction surface near the pressure minimum and extending 
toward the trailing edge. The vortical structure has the same direction of rotation as the PV and is 
referred to as the suction side corner separation vortex (SSCSV). The low momentum flow along 
the wall of the incoming boundary layer (blue streamlines) is entrained in both the SSCSV and 
along the suction surface  in the corner separation region marking the furthest extend of the 
endwall flow up the suction surface. The interaction between the PV, corner separation, and free 
stream flow in the corner region generates significant losses. The trailing edge shed vortex (SV) 
is formed in the wake of the blade and has an opposite sense of rotation compared to the SSCSV 
and PV. The suction side leg of the horseshoe vortex is not visible in this view, it is weak relative 
to the other features and is only noticeable in the front portion of the passage. A thin, closed 
laminar separation bubble forms on the suction surface at low Reynolds numbers. The endwall 
flow structures and loss generation are described in more detail in Refs. [14,28]. 
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III. Experimental Setup
AFRL’s Low Speed Wind Tunnel (LSWT) Facility was used for experimental verification of

the numerical prediction tools. The wind tunnel test section is configured as a low-speed linear 
cascade with seven L2F blades, as shown in Figure 2.  

Figure 2 Top view of LSWT test section. 

A turbulence grid installed upstream of the test section increased the free stream turbulence 
intensity (FSTI) to 3.1%. A splitter plate was used to create an artificial endwall with a clean 
incoming BL. The splitter plate surrounded the blades and extended upstream and downstream of 
the blade row. The passage had a relatively large AR of 4.17 to differentiate the flows in the 
endwall region from the two-dimensional flow at mid-span. The splitter plate configuration 
results in a BL thickness of 2.2% span (9.3% Cx) at a Reynolds number of 1.0 x 105 based on 
inlet velocity and axial chord. Table 1 summarizes these quantities. 

Table 1  Linear cascade dimensions and flow properties. 

The contoured endwalls were printed out of plastic using an additive manufacturing 
technique. They were created in several pieces so that the endwall could be reconfigured as a flat 
or contoured endwall without removing the blades from the cascade.  

Several 0-1 inch H2O All Sensors transducers were used to measure the total pressure loss 
between an upstream pitot static probe and downstream Kiel probes in a custom five probe rake. 
A single, custom inline Kiel probe was used for in-passage total pressure loss measurements. A 
0-0.4 inch H2O Druck pressure transducer connected to a Pitot-static probe located two axial

Number of Blades 7 
Axial Chord (Cx) 6 [in] 
Pitch/Axial Chord (S/Cx) 1.22 
Span/Axial Chord (H/Cx) 4.17 
ReCx 1.0 x 105 
Boundary Layer Thickness (δ99%) 0.56 [in] 
Free Stream Turbulence Intensity (FSTI) 3.1% 
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chords upstream was used to measure the incoming dynamic pressure. The incoming dynamic 
pressure was used to set the tunnel velocity. All pressure transducers were calibrated with a 
Ruska 7250 low pressure calibrator. A traverse was used to move the downstream Kiel probes 
and obtain measurements in a two-dimensional grid. Area averaged values of passage total 
pressure loss coefficient were calculated in a downstream measurement plane (1.5∙Cx from the 
blade leading edge) by first integrating in the pitchwise direction, and then in the spanwise 
direction. The pitchwise and spanwise integrals were non-dimensionalized by the pitch and span 
lengths, respectively.  
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IV. Design Methodology
Optimization of LPT turbines requires a robust system capable of modeling the complex flow

through blade rows comprised of numerous design variables. In this study, endwall contours are 
developed for a passage of the low speed linear cascade of L2F research profiles. An 
optimization workflow was developed to generate endwall contour shapes, manipulate the 
baseline computational mesh to match the new endwall shape, compute, and post-process results 
from the flow solver.  

The following sections provide further description of the endwall design tool and 
implementation of the genetic algorithm used for shape optimization. 

A. Computational Flow Solver
For design purposes, the flow through the cascade passage was modeled using three-

dimensional Reynolds-averaged Navier-Stokes simulations facilitated by the commercial flow 
solver Code Leo, with structured meshes facilitated by Code Wand. The flow solver is described 
in [29]. It is a density-based time-marching code that employs cell vertex finite volume 
approximations to the conservation laws of mass, momentum, and energy that are second order 
accurate in space and time [29]. The flow solver has been used to model the flow through the 
low speed linear cascade passage for design purposes [13]. The solution was compared with 
experimental measurements in [14]. Together, good agreement was found in terms of the 
numerical technique capturing the changes in the endwall flow when various blade profile shapes 
were used at the junction of the blade and endwall.    

A steady simulation was performed with an incoming Reynolds number of 1.0 x 105 to match 
the experiments. The inlet Mach number of the experiments was 0.03, well within the 
incompressible regime. The Mach number of the simulations was increased to 0.15, to reduce the 
stiffness of the governing equations and accelerate convergence, while remaining 
incompressible. The Mach number was adjusted by changing the inlet total pressure and static 
pressure at the exit in order to maintain the desired inlet velocity and Reynolds number.  

Turbulent viscosity for the fluid flow was determined using Wilcox’s two-equation k-ω 
turbulence model [30]. An evaluation of the effect of the inlet turbulence parameters when 
utilizing the k-ω turbulence model as implemented in the flow solver was detailed in [31]. When 
the experimental values of incoming turbulence were specified at the inlet plane, there was a 
significant overprediction of profile total pressure loss. The predicted total pressure loss was 
found to be highly sensitive to the specified integral length scale, which does not necessarily 
match the physical scales present in the flow. In the current simulations the inlet turbulence 
intensity was set to 1% and integral length scale to 0.0017 Cx following the recommendation in 
[31]. As with other RANS simulations, the predicted results should not be considered in terms of 
absolute accuracy. The simulations will be shown later to provide good agreement of the endwall 
flow structures with the experiments, including the relative improvement in total pressure due to 
various degrees of endwall shaping.  

One full pitch of the linear cascade was simulated. The baseline computational grid is shown 
in Figure 3.  
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Figure 3 Baseline computational grid. 

A structured multi-block mesh consisting of an O-grid around the blade surface, and H-grids 
for the remainder of the domain, were used to discretize the domain. The mesh topology is 
referred to as OHH as additional H-grids were used to provide sufficient resolution to capture 
flow phenomena near the leading and trailing edges. 

The baseline passage flow simulation used the same flow solver and meshing process 
previously used to model blade endwall contour shapes [13,14], providing confidence in the use 
of the numerical flow simulation for endwall contour design. A grid independence study was 
conducted using the grid for the baseline case with a planar endwall. Grid independence was 
evaluated by monitoring the change in the downstream total pressure loss as mesh resolution was 
varied. The total pressure loss coefficient is a direct indicator of numerical dissipation due to the 
grid [32,  31] and is used in the subsequent endwall shape optimization as an objective function. 
The results of the grid independence study is shown in Figure 4.  

Figure 4 Grid independence study. 

The pressure loss coefficient converged rapidly as the number of elements were increased 
beyond 1.65 x 104, with a maximum difference of 2.4% as the number of points were in increasd 
to as high as 2.7 million. The study shows that the solution is essentially grid-independent when 
a mesh size of 501,760 elements is used. All simulations were run at one level finer mesh, 
consisting of 712,704 elements. This value was chosen as it balanced the requirement of using a 
sufficient grid resolution to capture the necessary flow physics, while minimizing computational 
cost – a critical balancing act when the flow model is incorporated into in an evolutionary based 
optimization strategy. The solution was considered to be converged when the largest average 
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change in density and conservative variables had decreased by five orders of magnitude. This 
typically occurred within 4000 iterations. These findings are consistent with a prior related study 
described in [13, 31].   

B. Endwall Design Tool
A numerical tool was created to generate contoured endwall surfaces based on an initial

(baseline) planar (or radial) endwall. The initial planar endwall was generated on a structured 
grid facilitated by Code Wand. The contoured endwalls for this study were generated using a 
design grid with a small number of control curves. The steps to create the non-axisymmetric 
endwall contour are shown in Figures 5 through 8.  

Figure 5 Design grid for an endwall 
containing six control curves. 

An example of a design grid is shown in Figure 5 - six control curves extend across the pitch 
of the passage at six different axial positions. This design grid is the foundation on which each 
non-axisymmetric endwall contour is built upon. A series of Bezier curves (shown in Figure 6) 
are used to define the contoured endwall shape. These Bezier curves act as the control curves in 
the design grid. There are a total of six curves shown, but only the four interior planes were used 
to generate a contoured endwall shape. The two at the inlet and exit of the passage were held at a 
zero spanwise height. The general equation for a cubic Bezier curve is:  

𝑩𝑩 = (1 − 𝑡𝑡)3𝑷𝑷𝟎𝟎 + 3(1 − 𝑡𝑡)2𝑡𝑡𝑷𝑷𝟏𝟏 + 3(1 − 𝑡𝑡)𝑡𝑡2𝑷𝑷𝟐𝟐 + 𝑡𝑡3𝑷𝑷𝟑𝟑,  0 ≤ 𝑡𝑡 ≤ 1 (1) 

where Pi in Equation 1 are the control points for the Bezier curve, t is a parametric independent 
variable ranging from zero to one, and B contains the coordinates for the curve itself. This vector 
equation defines both the pitchwise (ξ) and spanwise (λ) coordinates in the design grid. The 
spacing between the control curves defines the axial coordinates of the curves. The main 
objective of the design grid is to specify the respective height (spanwise values) for the 
computational grid used in the flow solver. Cubic Bezier curves were chosen based on 
maximizing the possible contour shapes while minimizing the number of variables.  

For added flexibility in the design space, two Bezier curves were used per axial plane. This 
allowed localized influence on the endwall shape at more points across the pitch. Each Bezier 
curve smoothly transitioned into another by holding the slope between two curves the same. This 
slope was dependent on the two respective control points on either side of the connection point. 

Once the height is specified on the design grid, the mesh grid is transformed to the coordinate 
system of the design grid. This conversion from real coordinates to the design space is a 

Figure 6 Bezier curves with control 
points. 
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straightforward transformation of the real coordinates into a rectangular grid. Once both the 
design grid and mesh grid are in the same coordinate system, a cubic interpolation is performed 
to apply the contour from the design grid to the mesh grid points (Figure 7). Finally, the mesh 
grid is converted back into the real coordinates and the non-axisymmetric endwall contour is 
obtained (Figure 8). 

Figure 8 shows a design contour applied to the original mesh coordinates. A mesh morphing 
tool (MORPH [34]) was used to deform the grid independent planar endwall of the baseline 3-D 
mesh into the contoured surface. The MORPH code uses a spring analogy to deform the mesh 
resulting in a high-quality deformed mesh with minimal skewing of cells [34]. The code iterates 
until the average mesh quality is above a certain threshold or until a maximum number of 
iterations is reached.  

An initial non-axisymmetric endwall contour (designated EWC1) was designed with the 
aforementioned tools to verify that the process could be used to develop a contour with reduced 
losses. The EWC1 contour was produced using a gradient-based approach utilizing total pressure 
loss in the downstream plane as a cost function. The intent of the shape was to force low-speed 
flow near the LE of the endwall toward the SS of the blade before it enters the passage in order 
to decrease the size, strength, and trajectory of the PS leg of the HV and downstream PV. The 
overall effect is a reduction in the strength of PV and its interaction with the corner separation 
and SS flow. The EWC1 shape was fabricated and tested in the low-speed linear cascade wind 
tunnel for experimental validation. Discussion of the EWC1 numerical model and experiment are 
combined with the optimized contour in later sections.  

After verifying that the design tools capture the flow phenomena adequately, a binary genetic 
algorithm (GA) method was developed to produce an optimized non-axisymmetric endwall 
contour, designated EWC2. The algorithm was similar to the turbine vane film-cooling 
optimization described in Johnson et al. [33]. Generational methods, like GA and particle 
swarms, are commonly used for complex optimization problems. GAs obtain an optimum 
configuration by determining the fitness of each design case and retaining the best genetic 
material from each generation to populate the next. The genetic material in the context of design 
takes the form of design parameters. The fitness value for each of the members of a generation 
are calculated and weighted by the probability that a member will pass on its genetic material. 
The transfer of genetic material is similar to the passing of genes of the parents to offspring in 
nature [35]. Genes from each parent crossover with an allowance for mutation. A diverse initial 

Figure 7 Transformed mesh grid with 
contour applied (design space). 

Figure 8 Original mesh grid with 
contour applied (physical space). 
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population is required to find a global extrema and reduce the chance of arriving at a local 
minimum or maximum. As the design evolves from generation to generation an optimal solution 
is developed. A drawback of the evolutionary based approach is the high computational cost 
associated with evaluating a large number of design cases. The advantages of a GA are that they 
are easily implemented, have been shown to reliably find a global optimum in n-dimensional 
optimization problems, and provide insight on design parameters by showing which are critical 
and which are not. The following subsection describe the optimization routine.  

 
C. Optimization Method 

Binary-encoded GAs have been shown to be reliable and efficient at finding a global optimum 
[33]. Binary digits are restricted to a value of either “0” or “1”, which means that every 
additional digit used to represent a variable will increase the total number of design cases by a 
factor of two. A total of 224 binary digits were used in the endwall shape optimization with 
2.70E67 possible design cases. 

A total of 40 variables were used in the optimization to control the shape of the endwall 
contour. Sixteen of the variables corresponded to the pitchwise location of the various control 
points. In Figure 6, these variables correspond to the ξ-direction, represented by five bits each in 
the binary string. The twenty-four other variables correspond to the spanwise height in the λ-
direction. The spanwise control points were represented by six bits each in the binary string. The 
values could vary between zero and one for the pitchwise locations and from -1.5 to 1.5 for the 
spanwise locations, which corresponds to one pitch and ±6% H (±25% Cx), respectively. Higher 
bit counts could be used for additional discrete design cases, but the current bit size for each 
variable was sufficient. Increasing the number of bits per design point would increase the 
complexity of the design problem. There would be diminishing returns by increasing the bit 
count and maintaining the same design bounds. 

Figure 9 shows a portion of a binary string defining an entire contour shape. This portion 
shows the boundary in the string where the pitchwise and spanwise control points meet. The 
five-digit and six-digit segments represent the pitchwise and spanwise control points, 
respectively. 

 

 
Figure 9 Sample binary string used to define the endwall contour. 

 
Uniform, two point, and single point crossover were used to pass genetic material (design 

parameters) from one generation to the next. The percentages of each crossover type were 70%, 
20%, and 10%, respectively. The percentages represent the probability of each crossover type 
being applied after two parents were selected for the reproduction of the next generation. A 
weighted roulette wheel with a mutation rate of 0.1% was used as the selection criteria style. All 
the designs available for the selection process had a slice on the roulette wheel and the size of 
that slice was dependent on the design’s fitness value. Fitness values were used as a feedback 
function in the algorithm denoting definitive criteria for good and bad designs. The weighting of 
the roulette wheel for this study was based on the fitness value of total pressure loss, γps. Design 
configuration’s with a small value of γps had a higher probability of being chosen for crossover, 
mutation, and passing on their genetic material compared to designs with higher γps.,  
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Mutation occurred by randomly switching a binary digit based on the rate supplied. Each 
binary digit for every member in a generation was given a random number between 0-100. 
Mutation occurred if the random number was below the specified mutation rate. For example, if 
the random number for a binary digit was 5 and the mutation rate is 0.1, mutation would not 
occur. If the random number was 0.05 with the same mutation rate, mutation would occur. At a 
mutation rate of 0.1% and 224 binary digits per member, approximately 0.224 binary digits were 
changed per member. The result was approximately one binary digit would be changed per every 
four members in the generation, or 22 per generation. As mutation was random at the specified 
rate, the occurrence of mutations for multiple binary digits per member was possible.  

Elitism was used to accelerate optimum convergence by eliminating the weakest members in 
a generation and having a pool of elite optimization members for crossover and mutation. 
Appropriate restrictions on the Bezier control points were used to reduce the chance of a non-
physical design occurring; e.g. a Bezier curve looped back on to itself. Duplicate members were 
also excluded from participating in any generation, as they would provide no new information. 
Any duplicates were rejected, and a new member was created using the same process at the other 
members of the generation. Checks for duplicates were performed at the time a member was 
created to reduce any interference with creating a new generation. 

The initial population of 100 contour designs was produced using Latin Hypercube Sampling 
(LHS) to create a diverse set of genetic material for the algorithm. The initial generation was 
used in its entirety to create the second generation in the optimization process ensuring that the 
most elite 100 members of the entire optimization were used to create the next generation. 
Generation 2 and on used the cumulative elite (best 100 members) for crossover and mutation. 
This approach can lead to skewed optimization results but can also accelerate convergence 
toward a particular optimal design. Some negative effects of elitism include the elimination of 
vital genetic material that results in obtaining only local extrema instead of the global extrema 
that is desired. This risk was taken into consideration and elitism was used with the purpose of 
retaining beneficial genes to accelerate convergence. 
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V. Shape Optimization Results 
The focus of the optimization was on reducing the total pressure loss through a passage of the 

linear cascade. The area averaged total pressure loss coefficient in the downstream plane was 
used as the cost function. The endwall design shape evolved over the course of 25 generations 
inside of the optimization routine, requiring the analysis of over 2500 unique design shapes.   

The generational mean and standard deviation of the endwall surface shape was calculated as 
the design evolved. Figure 10 shows the respective mean spanwise displacement for the endwall 
of generations 1, 8, 17, and 25.  
 

  
                              a.)                                      b.)                                     c.)                                       d.)    
 

 
         e.)                                     f.)                                      g.)                                    h.) 
 
Figure 10 Generational mean and best contour shapes of generations 1 (a, e), 8 (b, f), 17(c, g), and 

25 (d, h). 

The best contour shape for the four generations is also shown. The mean displacement of 
generation one is close to zero everywhere, which indicated there was no major bias induced 
from the initialization process. It should be noted that the first generation’s best case resulted in 
an increase in total pressure loss when compared to the baseline case. The mean and best 
contours of the subsequent generations illustrate the evolution of the endwall shape over the 
progression of the optimization. The standard deviation of the spanwise displacement of the 
endwall over select generations are shown in Figure 11. 
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Figure 11 Standard deviation of endwall height of generations a.) 1, b.) 8, c.) 17, d.) 25. 

The plots show the region of the endwall at which the shape was most significantly varied or 
refined during that generation of the optimization. During generation one (Figure 11a), the 
locations of the Bezier curves are prominent, with large standard deviations indicating significant 
variation of the shape due to the diverse initial population. The shape of the endwall at the inlet 
and exit of the passage were fixed boundary regions allowing the flat endwall outside the 
passage to smoothly transition into a contoured surface inside the passage. This region had the 
smallest standard deviation and shape variation in the passage throughout the generations. As the 
design evolved the standard deviation decreased as the population narrowed into a subset of the 
design space. The regions with elevated standard deviation highlight areas where the shape was 
varied by the algorithm to further reduce the cost function. In generation 17 (Figure 11c), the 
optimization algorithm was converging upon the height near the pressure side of the blade along 
with a region slightly off the suction side of the blade 40% to 60% axial chord downstream. By 
generation 25, there were only two regions of the endwall that were still under refinement.  

It should be noted that using additional control curves would result in more control over the 
contour shape. Based on the large standard deviation across the endwall, the six control curves 
(four non-zero curves) inside the passage were considered sufficient to allow significant 
exploration of the design space and arrive at an optimum contour. 

The progression of the cost function over each generation is summarized in Figure 12 which 
illustrates the generational averages with bars of one standard deviation. As the generations 
progressed, the standard deviation decreased. This figure also shows the evolution of the average 
of the elite population and its respective standard deviation. The standard deviation of the elite 
population decreased quicker than the average of the entire generation, and the elite average 
value steadily decreased throughout the optimization process. The cumulative best member is 
also plotted along with the baseline planar case for reference. 
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Figure 12 Generational average, elite population average, and cumulative best member with bars 

indicating one standard deviation of the population. 

 
Between generations 14 and 19 there was little change in the passage total pressure loss of the 

overall cumulative best member, however, the elite average and generation averages steadily 
decreased. In order to accelerate convergence toward an optimal design configuration, the 
weighting on the roulette wheel selection was increased beginning in generation 19. This change 
resulted in the additional improvement in cumulative best passage total pressure loss until 
generation 23 at which point the cumulative best stabilized and the averages of the generation 
and elite population rapidly approached the cumulative best.  

The optimization process was stopped after the 25th generation. Figure 13 shows the best 
contour shape, referred to as EWC2, produced by the optimization routine compared with the 
baseline contour EWC1. The shaping of the surface is complex with large gradients.  
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a.) EWC1 
 

         c.) 
 

b.) EWC2 
 

Figure 13 a.) Baseline endwall contour EWC1 compared with b.) GA optimized endwall contour 
EWC2 c.) EWC2 endwall height with significant topological features labeled as either a hill or 

valley. 

 
Significant topological features of the contour are labeled hill 1 and 2 (H1, H2), and valley 1 

and 2 (V1, V2). The minimum and maximum displacement amplitudes for the contour shape are 
22.5% and 14.2% axial chord respectively. These values are within the specified optimization 
bounds of ±25% axial chord of surface deformation in the spanwise direction normal to the 
endwall. The two most striking features are V1 and H2. V1 developed into a deep valley along 
the suction surface, while H2 developed into a streamlined protrusion that could be described as 
either a fence-like structure or small mid-passage blade. The feature H1 along the pressure side 
of the passage is similar to the profile contouring shape developed and described in Lyall et al. 
[13]. Praisner et al. [22] describe a non-axisymmetric endwall contour for a front loaded high-lift 
profile developed using an automated gradient-based optimization routine. Similarity between 
the endwall contour described in Ref. [22] and EWC2 is most evident along the pressure surface 
with both optimizations resulting in hill-like features just downstream from the blade leading 
edges. The two contour shapes differ significantly along the suction side of the passage.  
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VI. Discussion of Computational Results 
The major endwall flow structures and the influence of each contour on the flowfield are 

visualized in Figure 14 using isosurfaces of Q and streamlines seeded at three different heights in 
the incoming boundary layer.  
 

  
a.)                                                  b.)                                                 c.) 

Figure 14 Iso-surfaces of Q = 10 colored by secondary vorticity rotational direction, with 
streamlines seeded in the boundary layer a.) planar endwall b.) EWC1 c.) EWC2. 

The prediction of the endwall vortical structures of the baseline case (Figure 14a) by the 
three-dimensional RANS simulation can be compared with the ILES [28] shown in Figure 1. The 
most significant secondary flow features, the PSHV, PV, SSCSV, and SV can be identified with 
a good overall agreement in location. However, the RANS simulation underpredicts the 
rotational strength of the vortical features compared to the ILES.  The vortical features are 
responsible for generating a large portion the losses through and downstream of the passage. The 
accurate prediction by the RANS flow solver of the major loss generating features provides 
confidence that the endwall shapes generated by the numerical model will yield significant 
reduction in the flow losses. 

Compared with the baseline planar endwall the EWC1 shape significantly changes the 
trajectory of the PSHV. In the contoured case the endwall boundary layer separation line moves 
upstream in the passage (not shown) with a reduced pressure gradient resulting in a significant 
reduction in the PSHV strength. The strong corner separation and SSCSV along the suction 
surface remains. The blue streamlines originate in the low momentum flow located closest to the 
wall. Figures 14a and 14b show that the low fluid in the incoming boundary layer rolls up into 
the SSCSV. The vortical structure remains closer to the endwall and is a stronger, tighter vortical 
structure with the EWC1 shape.  

The numerical model of the GA optimized EWC2 shape predicted significant changes to the 
endwall flow compared to EWC1. In contrast to EWC1, the PSHV is visible and extends into the 
passage similar to the planar case. However, the hills (H1 and H2) and valley (V2) features work 
to keep the three-dimensional vortical structure (marked PV) from interacting directly with the 
suction surface flow and it exits as a strong rotational structure. In the simulation the PV climbed 
over H2 as it moved through the passage, but was prevented from interacting with the flow near 
the suction surface. Chung et al. showed similar interactions with the implementation of an 
endwall fence [10]. The reduced interaction of the PV with the suction surface flow causes loss 
generation in the corner region to be greatly reduced. Another major effect of the EWC2 shape is 
the significant reduction in the extent of the suction surface corner separation (marked CS) and 
elimination of the SSCSV. The curved hill and deep valley features (H2 and V1) located along 
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the suction surface minimize the roll-up of the low momentum flow in the incoming boundary 
layer (blue and red streamlines) reducing separation. It is also notable that the trailing edge SV 
strength is drastically reduced and is no longer visible in both the EWC1 and EWC2 simulations. 

Both contour shapes were designed to minimize integrated total pressure loss coefficient. The 
total pressure loss distribution in the Cx = 95% and 125% planes are plotted together with 
isosurfaces of Q =10 in Figure 15. In the baseline planar case, total pressure loss in the corner 
separation region and in the region of the PV accounts for a significant portion of the loss 
generation in the passage. The numerical predicted total pressure loss coefficient distribution in 
the downstream plane (Cx = 150%) are compared in Figure 16.  
 

 
a.)                                                  b.)                                                 c.) 

 
Figure 15 Numerical predictions of total pressure loss coefficient distribution plotted with iso-

surfaces of Q = 10 for a.) planar, b.) EWC1, c.) EWC2. 

 

    
a.)                                         b.)                                       c.)                         d.) 

 
Figure 16 Downstream loss distribution in the 150% Cx plane a.) planar endwall b.) EWC1 c.) 

EWC2 d.) pitchwise integrated wake total pressure loss coefficient. 

The pitchwise integrated loss along the span, shown in Figure 14d, highlights the overall 
reduction in the penetration height of the endwall flow away from the wall when the endwall 
contours were used. The reduction in integrated passage total pressure loss predicted for the 
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EWC1 was 8.2% compared with 10.6% for the GA optimized contour shape EWC2. These 
values are substantial given the relatively thin incoming boundary layer thickness and large blade 
aspect ratio used in the simulation.  

The effect of the integrated loss can be described by using Figure 16d to designate two loss 
cores along the span, an upper and a lower. For example, in the planar case the upper loss core is 
centered around z/Cx = 0.6 and coincides with the suction surface corner separation, SSCSV and 
CV; while the lower loss core centered around z/Cx = 0.2 is associated with the passage vortex. 
Figures 15 and 16 illustrate how the aggressive contouring of the EWC2 resulted in a substantial 
change in the shape of the endwall loss distribution when compared to the planar case and the 
L2F-EWC1. In the case of the EWC2 the upper loss core was substantially reduced and narrower 
due to a decrease in the extent of the suction surface corner separation. The change in the 
position and interaction of the PV with the suction surface flow leads to an elliptical region of 
elevated loss located close to the endwall. In terms of integrated values - Figure 16d indicates 
that there was a significant reduction in loss generation along the upper loss core, whereas, there 
was an increase in the loss generated in the lower loss core. This observation is different than the 
EWC1 shape, which lowered the upper loss core spatially while significantly reducing the 
magnitude of the lower loss core. 

Comparing the results of the GA optimized contour EWC2 with the EWC1 leads to the 
following observation: the two contours work by attacking two different endwall loss production 
mechanisms. The EWC1 shape primarily reduced the loss associated with PV with minimal 
effect on the losses generated near the corner separation. In contrast, the EWC2 minimized the 
interaction between the suction side corner separation and PV. It did not reduce the losses 
associated with the PV to the same degree as the EWC1, but the losses from the corner 
separation and SSCSV were essentially eliminated. In future work, additional constraints could 
be added to the optimization algorithm that focus on reducing the size and strength of the 
remaining PV to further reduce the losses. 
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VII. Discussion of Experimental Results 
Experimental verification of the endwall contours was completed in the low speed linear 

cascade wind tunnel. Total pressure loss distribution was measured in two dimensional planes 
using an inline Kiel probe. The measurement planes of each endwall case are plotted together 
and are compared in Figure 17.  

   
a.)                                                  b.)                                                 c.) 

 
Figure 17 Experimental total pressure loss coefficient distribution through the exit and downstream 

of the passage for the a.) planar  b.) EWC1 c.) EWC2 endwall shapes. 

Comparing the EWC1 loss distribution with the planar case shows that the region of loss 
associated with the suction side corner separation has increased in strength in the case of the 
EWC1; however, the size and loss associated with the passage vortex has decreased. The weaker 
PV reduces the spanwise penetration of the endwall losses resulting in two loss cores in the 
furthest downstream plane that are close to the endwall. The development of total pressure loss 
in the case of the EWC2 shape was drastically different than the planar case. The loss region 
associated with the PV is distinguished as an oval region that slowly mixes with the rest of the 
wake loss as it exits the passage. The significant losses associated with the corner separation 
observed in the planar and EWC1 cases did not exist in the optimized case. This agrees with the 
numerical simulation. The H2 feature keeps the PV away from the suction surface, while 
significant shaping such as valley V1 along the suction surface significantly weakens the corner 
separation and interaction of the PV with the suction surface flow.  

The reduction in the integrated passage total pressure loss coefficient measured in the 
experiments were 7.8% using the EWC1 shape and 8.6% using the GA optimized EWC2. Both 
measured values were lower than the numerical predictions: 5% less for the EWC1 and 19% 
lower than predicted for the more radical EWC2 shape. The relatively small difference in 
measured and predicted loss reduction is quite good given the documented challenges associated 
with predicting three-dimensional endwall losses using RANS simulations (see, e.g., Ref. 4). The 
pitchwise integrated total pressure loss measurements of the baseline and GA optimized EWC2 
are compared in Figure 18.  
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                a.)                          b.) 

Figure 18 Pitchwise integrated wake total pressure loss coefficient in the 150% Cx plane a.) 
experiment b.) computational model. 

In the planar case, the simulations under predict the total pressure loss in the lower loss core 
associated with the PV and over predict the penetration of the endwall losses into the passage. 
However, in the case of the EWC2 shape the numerical simulation accurately predicted a 
significant decrease in the upper loss core associated with the suction surface corner separation 
and increase in the losses in the lower loss core.  

The measured and predicted total pressure loss distribution of the EWC2 contour in the 85%, 
95%, 105%, 125%, and 150% Cx planes are compared in Figure 19.  
 

 
        a.)                                                                          b.) 
Figure 19 EWC2 total pressure loss coefficient distribution through the exit and downstream of 

the passage for a.) computational simulation and b.) experimental. 

Similarities are prevalent with good agreement of the simulation with respect to the shape and 
position of the PV loss region, which stays relatively close to the endwall when exiting the 
passage. The most notable difference between the RANS and experimental data was the region 
marked “stem” extending from the endwall up to the PV loss core. This region is associated with 
a counter-rotating vortex along the hill H2 and corner vortex at the junction of the blade and 
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endwall. The stem was significantly thicker and has a relatively higher loss value in the 
experiment and was under predicted in the simulation. 

Finally, to determine the sensitivity of the GA optimized contour shape, additional 
experimental measurements of passage total pressure loss were obtained after slightly altering 
two of the key shape features. Each shape variation was made independent from one another to 
test each feature’s sensitivity. The first feature investigated was the large valley, V1, on the 
suction side of the passage. The overall depth of the feature was reduced 8.3%Cx by adding filler 
material to the valley. There was still a substantial valley after decreasing the depth from the 
optimized value. The resulting effect on the integrated passage loss was a reduced benefit from 
the contour. The second shape sensitivity investigated was an extension to the hill H2 in an 
attempt to keep the PV further away from the suction surface. This too resulted in a decreased 
benefit from the endwall contour. The EWC2 shape was extreme when compared with those in 
the literature, but these senitivity experiments provide confidence that the contour was near an 
optimum in the design space.  

While the RANS simulations are unable to precisely predict either the profile or endwall loss 
distribution, the agreement between simulation and experiment is good, especially with respect 
to predicting the overall changes to the three-dimensional flow structures due to endwall shaping. 
The simulations provided enough fidelity to predict the large scale changes to the endwall flow 
and insight into the mechanism that led to the loss reduction. The experimental verification 
shows that the computational tools and overall optimization workflow described are capable of 
designing endwall contour shapes using total pressure loss as a cost function. 
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VIII. Conclusions 
High-lift low-pressure turbine passages typically have high losses in the endwall region. Two 

different endwall contours were designed for the high-lift front loaded L2F research profile. The 
first shape (EWC1) was developed to verify a new RANS based design workflow, which in 
addition to the computational flow solver, used a set of Bezier curves and a mesh morphing 
module to design the endwall contours. EWC1 could be described as having similar hill and 
valley features as previous non-axisymmetric endwall contours described in the literature. The 
second shape was developed using a genetic algorithm to find an optimal contour based on the 
predicted total pressure loss reduction compared to a flat planar endwall. The EWC1 had a 
significantly lower magnitude of contouring compared to the aggressive EWC2 endwall contour 
shape. The EWC2 included a hill along the blade pressure side, a large streamline hill in the 
passage, and a deep valley along the junction of the endwall and blade suction surface. 

 The computational models predicted the EWC1 and EWC2 shapes would result in an 8.2% 
and 10.6% reduction in the integrated total pressure loss respectively. The two contours were 
experimentally tested in a low-speed wind tunnel producing 7.8% and 8.6% reductions in loss 
compared to the planar endwall. While the numerical predictions did not precisely predict the 
passage total pressure loss reduction in each case, it showed good agreement with the 
experimental two-dimensional loss distribution through the passage, and the positional changes 
of the most significant endwall flow structures.  

One of the most interesting outcomes was the difference in the mechanism responsible for the 
loss reductions measured with the EWC1 and EWC2 shapes. With the more traditional EWC1 
shape, the loss associated with the suction side corner separation and vortex (SSCSV) was 
slightly higher, while the passage vortex and associated loss was lower. This resulted in a 
reduction in integrated total pressure loss and less penetration of the low momentum endwall 
flow into the passage away from the endwall. In the case of the GA optimized EWC2 shape, the 
sharp valleys and mid-passage ridge minimized the suction surface corner separation and the 
passage vortex remained separated from suction surface. The positional change of the passage 
vortex decreased interaction with suction surface flow reducing loss. The relationship between 
endwall loss reduction and passage vortex proximity to the blade suction surface flow is 
consistent with prior active jet blowing experiments using the same blade profile described by 
Benton et al. [5]. Finally, the deep valley and ridge of the optimal EWC2 shape were modified 
slightly in the linear cascade to investigate the sensitivity of the shape of the features on the loss 
reduction. All modifications to the endwall contour resulted in a reduced performance compared 
to the optimal contour. Therefore, the experimental results verified that the numerical model and 
workflow were able to develop an optimal endwall shape configuration based on the chosen cost 
function.  

Design approaches that optimally shape both the blade profile and endwall contour will be 
most effective at reducing endwall loss through the passage. While low speed linear cascades are 
useful for numerical tool development and fundamental aerodynamic studies, future work will 
need to consider heat transfer and the effects of compressibility and unsteady flows to move 
forward with improved high-lift turbine designs. 
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Nomenclature 

 
Cx = axial chord 
Cp = pressure coefficient 
H = span  
Ps = static pressure 
Pt = total pressure 
Q = Q-criterion 
Re = Reynolds number based on inlet velocity and axial chord 
S = pitch 
Zw = Zweifel loading coefficient 
γ = total pressure loss coefficient 
γ ps = area averaged passage total pressure loss coefficient 
γ 2D = area averaged total pressure loss coefficient across one pitch  
δ99 = boundary layer thickness 
λ = transformed spanwise direction 
ξ = transformed pitch direction  
ρ = density 
χ = transformed chord direction 
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