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ABSTRACT 

Due to the world-wide increasing demand for energy 

and the simultaneous need in reduction of CO2 emissions in 

order to meet global climate goals, the development of clean 

and low emission energy conversion systems becomes an 

essential and challenging task within the future clean energy 

map.  

In this paper, an investigation of a progressive multi-

section optimization coupled with a parametric airfoil 

generator and a CFD code is presented. A fully 3D 

optimization has been embedded within the design process of 

a highly efficient large scale ultra-super-critical (USC) steam 

Turbine. The optimization algorithm was first integrated with 

a 1D mean line design code followed by a 2D streamline 

curvature approach. The profile shape of each airfoil row had 

been subsequently adapted to local flow conditions within a 

multi-objective blade-to-blade optimization. To improve the 

automated design process and investigate the dependencies 

of the individual objectives to each other, the multi-section 

approach has been realized within a fully 3D optimization of 

one and a half stage. The adoption of weighting functions 

reduces the amount of objectives, while the airfoil row is 

optimized to the real 3D flow conditions of one 

representative stage. The final comparison of the 3D flow 

simulation between the optimization approaches confirms the 

improvement of the automated design process.  

INTRODUCTION 

Within the design of modern steam turbines, early 

integration of automated design space exploration techniques 

in all stages of the turbine`s design process is mandatory for 

achieving optimal results. Besides optimizing cycle 

parameters, the turbine itself is the most promising 

component to be optimized (Cofer et al., 1996). Numerous 

efforts have been taken in the past in order to increase the 

turbine`s efficiency by working on different topics. Stage 

parameters such as aspect ratio and stage loading have been 

investigated by Maughan et al. (2000). Yoon et al. (2010) 

contributed to the examination of the effects of clearance for 

shrouded and unshrouded turbines while Bohn et al. (2006) 

examined the influence of radial and axial gap of shroud 

cavities on the turbine`s flow field. For optimal blade-row 

interaction, clocking position can be optimized (Bohn et al., 

2005) and secondary losses can be decreased by end-wall 

contouring such as investigated by Praisner et al. (2007) and 

Schwab et al. (2013). A big field for improving the turbine`s 

efficiency is the redesign and optimization of the airfoil`s 

shape by utilization of various optimization techniques as 

summarized by Bellucci et al. (2012) and the creation of 

airfoil shapes with well-distributed load for improved 

secondary flow behaviour (Weiß and Fottner, 1993).  

The use of well-defined parameters, for the analysis of 

an optimization-task, is crucial for the success of an 

optimization process. The behaviour of these parameters 

determines whether multi-objectives or single-objective 

method can be utilized for the optimization. Thus, competing 

parameters will require a multi-objective approach, while 

single-objective method can be used for weighted parameters 

in a single function.  

The content of this paper is based and related to previous 

studies of a development of an automated design process 

which features blade to blade (B2B) optimizations performed 

by the authors and presented by Weidtmann et al. (2017). An 

enhancement of the automated design process will be 
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presented by implementation of weighted design criteria. 

Thus, the focus of this paper is the adoption of weighting 

individual criteria for controlling the pressure distribution on 

the suction side. An overview of the general design 

procedure is given in the next section. The subsequently 

defined criteria are then further discussed and the results are 

presented.  

DESIGN PROCEDURE 

In Figure 1, the schematic design procedure is shown. 

Based on general thermodynamic boundary conditions for 

the steam turbine process, such as inlet steam conditions, 

pressure ratio and mass flow rate, the automated design space 

explorations starts with a 1 D mean line design investigation 

(in-house code) in order to derive the optimal flow path 

contour, number of stages, chord length, number of blades, 

stagger angle and reaction in terms of overall efficiency. 

These 1D design parameters are then applied to an in-house 

2D streamline curvature approach where radial distributions 

of flow parameters are determined and further used as BC for 

the detailed profile design process, which itself is split into 

two steps. The first step of the profile design phase is the 

generation of sufficient profile-sections in radial direction. 

Therefore, blade to blade 2D CFD simulations and 

optimizations are performed. The profiles for the different 

sections are automatically generated by a parametric profile 

generator (in-house code) which itself is controlled by the 

optimization process. In a second step the 2D sections are 

stacked to 3D airfoils and investigated in a 3D flow 

environment to determine the performance considering 3D 

flow effects. The 2D B2B optimizations lead to 3D baseline 

blade designs which are then optimized in a 3D environment 

as a final step. 

Mass Flow Rate (double flux) 400 kg/s 

Static Temperature at Inlet 620 °C 

Static Pressure at Inlet 50 bar 

Static Pressure at Outlet 5 bar 

Target Efficiency (static-static, isentropic) 95 % 

Table 1: Main Specifications of the IP Steam 
Turbine`s Blading 

The start of the analysis are the specifications of an 

exemplary steam turbine module (Weidtmann et al., 2017), 

which are summarized in Table 1. The double-flux IP steam 

turbine features target efficiency (static-to-static) of at least 

95% for the bladed flow path. In the following, each of the 

design phases is described in more detail.  

1D Mean Line Approach 

The conceptual design for the bladed flow path is 

derived by using an in-house 1D code AixTurbFlow-1D 

(ATF-1D).  

The typical loss sources in turbomachinery are profile 

losses, secondary flow losses, leakage losses, trailing edge 

losses and pipe friction losses due to axial gaps. Since the 

profile losses, leakage losses and secondary flow losses are 

responsible for about 80% to 90% of all stage losses (Cofer 

et al., 1996), the estimation of the loss sources is crucial in 

the early state of the design phase. The loss correlations 

implemented in ATF-1D are based on Denton (1993) and 

Wei (2000). 

For maximizing the isentropic efficiency of the bladed 

flow path in an automated way, ATF-1D has been coupled 

with the single objective SHERPA (Simultaneous Hybrid 

Exploration that is Robust, progressive and Adaptive) 

optimization algorithm. The SHERPA algorithm is utilized in 

the commercial optimization tool HEEDs, which is used in 

this study. In order to find suitable parameter sets, the flow 

coefficient φ and chord length c have been set globally 

instead of stage-wise. Due to relative thermal expansion 

issues of the shrouded vanes and blades, the minimal chord 

length has been constrained to 30 mm and the total axial 

length of the bladed flow path is constrained to a maximal 

value of 3 m. For reasons of structural integrity, the ratio of 

blade height and hub diameter should not exceed the value of 

h/dhub = 0.4 (Sigloch, 2009). Since the influence of 

secondary flow phenomena increases with decreasing blade 

height, small values of blade`s aspect ratio should be avoided 

(Havakechian and Greim, 1999). For assessment of the 

relative blade loading, the Zweifel lift coefficient is 

evaluated. The values ranges between 0.564 and 1.125, 

which is in good agreement with the literature`s suggestion 

between 0.4 and 1.2 (Bohl, 1995) and around 1 (Lechner, 

2010). In the mean line calculation, real gas behaviour of 

steam according to the IAPWS-IF97 database is 

implemented, as the IF97 database is applied in the 

commercial 3D-CFD solver used in this study.  

Based on main specifications of the IP steam turbine´s 

blading (Table 1), the final 1D design of the IP steam turbine 

design shows an efficiency of 95.4% with a total stage 

number of 20 and a total axial length of 2.16 m. The flow 

path contour shows a blade height of about 90 mm at the first 

stage vane, whereas the last stage blade has a height of 285 

mm. The non-dimensional flow coefficient has been found at 

φ=0.392, whereas the stage loading coefficient ranges 

between Ψh = 1.95 and Ψh = 3.223. 

Streamline Curvature Approach 

As the ATF-1D optimization provides only the mean 

line values at mid-span, the one-dimensional thermodynamic 

and aerodynamic results shall be extended in radial direction. 

Therefore, an in-house streamline curvature code (ATF-2D) 

Figure 1: General Design Procedure 
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is used. The geometric results of the mean line design (flow 

path contour, blade number, chord length, etc.) set the basis 

for the streamline curvature analysis. 

The chosen vortex law for the solution of the radial 

equilibrium is a constant flow angle along the channel height 

in the absolute frame of reference (α1,2(r) = const.). This 

allows the possibility to design untwisted vanes. Therefore, 

the following blade has to be twisted. In comparison to the 

“free vortex” law, a larger degree of reaction in the hub 

region is achieved, which reduces losses in the vicinity of the 

hub wall (Schumann et al., 2012).  

The change of state for each blade row is computed 

under consideration of the loss sources described above and 

leads to radial profiles of each thermodynamic and 

aerodynamic quantity. For further investigations the 10
th

 

stage has been chosen as example for the workflow of the 

airfoil design phase. 

Airfoil Design Phase 

The results of the above-described streamline curvature 

approach represent the boundary conditions for the B2B-

simulations of the individual sections at the corresponding 

radius. Since the results of ATF-1D and ATF-2D do not 

describe the shape of suction and pressure side of an airfoil, 

initial values have been estimated which lead to a valid 

airfoil profile with continuous curvature for pressure and 

suction side. This profile is used as baseline profile for the 

start of the optimization. 

An in-house 2D profile generator (ProfiGen) is applied, 

which allows the design of airfoil sections in a 2D plane. 

Each airfoil section consists of three Bézier-splines, which 

can be manipulated by a total of 15 geometric parameters, 

whereby ten design variables are considered to alternate the 

shape of one profile section. These design variables are 

chosen to be able to manipulate the leading edge, trailing 

edge, pressure and suction side of the profile geometry. This 

profile generator is coupled with the commercial CFD solver 

STAR-CCM+ in order to build a 2D blade-to-blade 

simulation, which is embedded in the optimizer HEEDs (see 

Figure 2).  

The definition of the blade performance is crucial for the 

success of designing an airfoil by automated approach, since 

the optimizer varies a large set of design variables in a wide 

range against one single objective: the performance of the 

airfoil. Especially in 2D B2B-calculation, rating the 

performance by efficiency or even by profile losses and 

trailing edge losses is not sufficient enough, since the 

performance is ultimately decided by its behaviour in a three-

dimensional flow field with phenomena like secondary flow 

vortices and leakage interactions, which cannot be 

considered in two-dimensional simulations. Furthermore, 

optimizing only for profile losses can result in oddly shaped 

profiles, which lead to unfavourable behaviour in terms of 

secondary losses and structural integrity. Additionally, 

optimizing three sections independently from each other may 

result in unusually shaped blades, when finally stacking the 

profiles to an airfoil in radial direction. For the rating of the 

airfoil performance, criteria have to be defined and 

considered, that also qualify the shape of a profile. For the 

assessment of the profile shape and evaluation of its quality 

Goel (2008) has introduced criteria to evaluate the pressure 

distribution and to judge its behaviour. The same criteria 

have been utilized in 2D B2B optimization. The definitions 

of these criteria will be presented in upcoming paragraphs.  

For further improvement of the design procedure, and 

therefore, the performance of the airfoil sections, a 3D 

optimization has been realized, based on the procedure of the 

B2B optimization (see Figure 3). This features the ability of 

optimizing the airfoil sections to the 3D flow conditions. For 

the 3D optimization only the rotor blade will be considered, 

as the amount of design variables can be reduced, and 

therefore, the computational effort for one optimization 

cycle. The vane geometry obtained by Weidtmann et al. 

(2017) is utilized for the 3D stage simulations. 

A one and a half stage model is set up for the 3D 

optimization, with an extrusion of the inlet and outlet 

direction (see Figure 3, STAR-CCM+). The rotor and casing 

contour of the extrusion is modelled with slip walls (no 

friction). Due to reasons of simplicity, the geometries of the 

upstream and downstream vanes are the same. The inlet and 

Figure 2: Schematic Overview of the Blade-to-Blade 
Optimization 

Figure 3: Schematic Overview of the 3D 
Optimization 
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outlet conditions are provided from ATF-2D results by 

means of radial distributions for total pressure and total 

temperature at the inlet of vane 10 and static pressure at the 

outlet of vane 11. The setup with one and a half stage allows 

the optimization of the blade row without prescribing any 

boundary condition close to the rotor blade, while 

considering the interaction with vane 10. Three sections 

(hub, mid and tip) are used to characterize the blade`s 

geometry. Furthermore, the shroud and sealing area is 

considered. This simulation setup is applied in all 3D 

calculations presented in this paper. 

The fully automated generation of the simulation 

geometry is realized in the commercial CAD code NX-PLM-

SOFTWARE and based on the profile points for each section 

as provided by ProfiGen. Further fundamental geometric 

data, such as blade number, flow path radii or sealing 

configuration is provided by ATF-1D results and the 

conceptual design. 

The objective of the 3D optimization is the improvement 

of the 10
th

 blade and 10
th

 stage performances. Therefore, the 

three sections, which define the blade geometry, are 

optimized simultaneously to the 3D flow conditions. The 

performance of the blade and stage in terms of isentropic 

efficiency within the one and a half stage model will be 

evaluated for the rating of the design.  

PARAMETRISATION OF THE PRESSURE 
DISTRIBUTION 

As discussed above, the pressure distribution in 2D and 

3D simulation is analysed and assessed at three sections in 

order to estimate the aerodynamic quality of a profile section. 

In the following, the definitions of characteristic criteria 

(Goel, 2008) for assessment are presented (see Figure 4). 

A well-shaped pressure distribution is characterized by a 

low amount of incidence, and therefore small acceleration 

along the leading edge, which leads to a lower loading in this 

region. Front-loading is not desirable in terms of secondary 

losses, as it increases the intensity of the passage vortex. 

Furthermore, an aft-loaded design is typically favoured as it 

features a constantly accelerated boundary layer as far as 

possible. On the other hand, the late/rear maximum in Mach 

number leads to a rather short and strong 

deceleration/diffusion on the suction side. Since deceleration 

is associated with an increase of the pressure gradient, loss of 

momentum and therefore an increased risk of flow 

separation, the deceleration and diffusion zone is meant to be 

kept on a minimal level.  

In order to achieve pressure distributions with features 

as described above, the following criteria have been 

established:   
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First, the amount of incidence is evaluated by the 

deviation of the pressure at the (geometric) leading edge to 

the actual stagnation pressure of the airfoil (Eq. 1).  

Second, the amount of diffusion is captured by the 

diffusion criterion 𝑑1 (Eq. 2). This parameter captures the 

cumulated deceleration of the flow on suction and pressure 

side individually and is minimized during the optimization 

process.  

Third, the shape of the pressure distribution is evaluated 

by the deviation from two polynomial fits of the data. Here, 

pressure and suction side are evaluated separately. In order to 

create a preferably constant acceleration of the flow on the 

suction side of the airfoil from the leading edge to the 

location of the minimum static pressure, the parameter 𝑑2 

(Eq. 3) is used. It gives the deviation of the pressure 

distribution from a first order fit of the data (simple linear 

regression) in the region of acceleration and is minimized in 

the optimization.  

Fourth, the deviation of the pressure distribution from a 

second order fit of the data (multiple linear regression) is 

evaluated with the criteria 𝑑3 (Eq. 4). In the leading edge 

region of the airfoil, this parameter captures the local 

acceleration of the flow along the leading edge caused by 

incidence angles or unfavourable shaped leading edges. 

Minimization of this criteria leads to a reduction of leading 

edge loading.  

Furthermore, the position of the minimum pressure 

(xmin) on the suction side in axial direction is maximized 

during the optimization, in order to reduce the front-loading 

even more.  

This characterization of a well-shaped profile has been 

realized for the B2B and 3D optimization. Some of the 

above-described criteria, such as 𝑑2 and 𝑑3 show trade-off 

behaviour (Weidtmann et al., 2017). Therefore, the multi-

objective method will be required for the optimization, if 

each criterion is considered as an individual objective with 

Figure 4: Determination of well-shaped Pressure 
Distribution 
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competing behaviour. Furthermore, assumptions of the 

prioritization of competing criteria have to be met (either d2 

or d3). The weighting of the described individual objectives 

against each other is essential for the success of an automated 

design process, as it allows the application of a single-

objective method and reduces the amount of objectives. This 

will be discussed in the following paragraphs. 

RESULTS AND DISCUSSION 

First, the 2D blade-to-blade optimization of former 

studies has been substituted by a fully 3D optimization 

(3D0), to verify the capabilities of a 3D optimization and, 

more importantly, to produce a large pool of data. These data 

are then analysed for the adoption of the weighting 

individual objectives. Finally, the function with weighted 

criteria, for qualifying the pressure distribution is utilized in 

the B2B optimization followed by a 3D optimization to 

improve the performance of the stage. A comparison of the 

final results to geometry derived from previous studies (case 

2D0) confirms the improvement of the design procedure.   

Substitution by 3D Optimization 

The previous approach of 2D blade-to-blade 

optimization has been substituted by a 3D optimization in the 

same manner. Thus, each criterion, for controlling the 

pressure distribution on the suction side, is defined as an 

objective in a multi-objective optimization. For each section, 

the values i, d1, d2, d3 and xmin are calculated and reported. 

In total, 15 values have to be considered for the 

determination of the pressure distribution at three sections. 

Furthermore, the blade efficiency is considered for the rating 

of blade performance and the stage efficiency for the rating 

of vane and blade interaction. A total number of 17 

objectives have to be defined in the multi-objective 

approach: maximizing the efficiencies, xmin and minimizing 

the above-introduced design criteria (e.g. incidence, 

diffusion, etc.). The individual objectives are not weighted 

against each other in reference to Weidtmann et al. (2017).  

Value φ 

[-] 

Ψh  

[-] 

ρh  

[-] 
Δα 

[deg] 
xmin  

[-] 

Range 0.38 – 

0.44 

2.3 – 

2.6 

0.35 – 

0.4 

< 2 > 

0.65 

Table 2: Global Constraints for 3D Optimization 

To provide similar conditions for the 3D optimization as for 

2D blade-to-blade optimization, the stage parameters of the 

10
th

 stage derived from ATF-1D and ATF-2D are set as 

constraints for the 3D optimization (see Table 2). The flow 

coefficient, stage loading and reaction have been set in a 

wide range (> 10%) to enable a larger space of exploration 

and verify the capabilities of 3D optimization. The relative 

position of minimum pressure (xmin) is considered as 

objective already. Additionally, xmin is constrained to be 

greater than 0.65 as we favour an aft-loaded design. The 

absolute outflow angle of the rotor blade is controlled by the 

difference of blade outflow angle and prescribed values 

based on ATF-2D at mid-section (Δα). This ensures that the 

outflow conditions of the optimized blade are similar to the 

solution of the following vane provided by ATF-1-D and 

ATF-2D. 

Using 16 cores for a mesh size of approximately 1.6 

million volume cells, over 1200 designs have been examined 

in 14 days. Almost 50 % of them have resulted in “error” 

designs, which are due to invalid profiles generated by 

ProfiGen. Solely 10 % have met the constraints described 

above.  

Although the constraints have been met, the evaluation 

of the data has shown that no reasonable blade geometry has 

been discovered for this configuration of the optimization. At 

least one of the three sections does not feature the properties 

of a well-shaped profile. But the process itself is promising 

and a large pool of data has been accumulated for further 

investigations. It can be stated, that solely a 3D optimization 

based on initial values for profile geometry, is not suitable as 

substitution of blade-to-blade optimization, since the 

computational time exceeds any expectations of providing 

well-shaped profile geometry. A 3D optimization, based on 

the results of a B2B optimization, would be a more 

reasonable approach. 

Adoption of Weighting the Objectives 

The dimension is the most obvious difference between 

the design criteria, which define the pressure distribution (see 

Eq. 1 to 4). As the incidence i and xmin have no dimension, 

d1, d2 and d3 are of dimension [Pa]. Furthermore, the 

physical meaning of each parameter is different. While 

incidence i determines the inflow conditions, the deceleration 

on the suction side close to the trailing edge is defined by d1. 

The meaning of d2 and d3 is simply to examine the error 

between two functions (distribution of pressure and curve 

fit). Those values (d2 and d3), can be also understood as 

constant acceleration up to the point of maximum Mach 

number (first order fit) and characteristic distribution of 

pressure (second order fit).  

Based on the data provided from case 3D0, the 

following error function has been implemented for further 

investigations. 

 
StagnationP

DdCdBAd
Y

)( 321 
  (5) 

 YxixESS )1( minmin   (6) 

The incidence characterizes the deviation between the 

pressure at the geometric leading edge and the stagnation 

pressure of a profile. This deviation is then scaled by the 

stagnation pressure. Same can be suggested for parameter d2 

and d3, as these values also describe a deviation. Since the 

stagnation pressure depends on upstream flow field 

behaviour and is almost un-affected by downstream flow 

turning, it can be assumed that the stagnation pressure is not 

influenced by the profile shape. This will allow us to refer d2 

and d3 of each section to a value, which is “prescribed” for 

each profile section and does not depend on alternate design 

variables. For the sake of simplicity, the criteria d1 is also 

referred to the stagnation pressure (Eq. 5). This approach has 

been verified by the examination of case 3D0 data, which 
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have shown that the scaled values are in the same order as 

the incidence. 

Since the pressure load and the magnitude of velocity on 

the suction side are influenced by the incidence, the 

parameter i is one of the most important values for qualifying 

the performance of a profile. Because high velocities on the 

suction side will increase frictional losses, it is reasonable to 

prioritize this value in the error function (Eq. 6). In 

combination with a constantly accelerated boundary layer as 

far downstream as possible (xmin), this will have the most 

impact on the value of equation 6. High values of xmin will 

reduce the importance of Y, while Y gains importance as the 

incidence is decreasing. For very low values of incidence, Y 

is the only error. 

The properties of a well-shaped pressure distribution are 

summarized in Y (Eq. 5). The parameters d1 (diffusion), d2 

and d3 (deviation) are separated by different meanings of the 

values. As second criteria for separating d1, d2 and d3, the 

zones of highest impact are considered for each value. This is 

simple for d1 (x > xmin) and d2 (x < xmin). The parameter d3 

is valid for all values of x. But, as we favour an aft-loaded 

design, the importance of a well-distributed pressure up to 

the rear maximum of Mach number is prioritized. For the 

weighting of d1 against the sum of d2 and d3 (compare Eq. 5 

to Eq. 7 and 8), the distribution of pressure load is 

considered.  The force on a profile section is described by the 

difference of the pressure between suction side and pressure 

side along the profile. This is considered as pressure load pL 

(Eq. 9). The pressure load pL is then divided into front load 

(B) and rear load (A), based on the location of xmin (see 

Figure 5). A high amount of front load will prioritize the 

realization of a constantly acceleration. On the other hand, 

the diffusion will increase with high amount of rear load. In 

this case, the value d1 has a greater contribution to Y as d2 or 

d3 and will be prioritized. Nevertheless, the value of Y is 

decreasing with reducing the parameter d1, d2 and d3. The 

values A and B range from 0 to 1. 
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At last, the criteria d2 and d3 should be weighted against 

each other. For this purpose, the maximum value of each 

criterion is taken into account (Eq. 10 and 11). Thus, the 

absolute maximum deviation value is calculated for the first 

order fit and the second order fit and divided by the sum of 

both values (C and D). The values C and D range from 0 to 

1. This approach allows determining which parameter 

requires further improvement. 

 

max,3max,2

max,3

max,3max,2

max,2

dd

d
Dand

dd

d
C





  (10 & 11) 

Based on the definition of the error function (Eq. 6), the 

computation and evaluation of d1, d2 and d3 had to be 

adjusted, which is indicated in Figure 5. 

First of all, the influence of the trailing edge has been 

excluded. The last 5% of axial chord length are not 

considered for the computation of the second order fit. The 

flow turning around the trailing edge shows a strong 

fluctuation of pressure (see Figure 5). To avoid the influence 

of fluctuating pressure at the trailing edge on the polynomial 

curve fit, the data points close to the trailing edge have been 

excluded for the calculation of second order fit. The same 

approach has been applied close to the leading edge. The 

evaluation and calculation zone of second order fit is further 

reduced by Δ1, as the influence of flow behaviour around the 

leading edge will be captured by the value d2 (first order fit).     

The value xmin defines the evaluation zones of first 

order fit and diffusion. As for the computation and evaluation 

zone of the first order fit (green), the zone is reduced by Δ2. 

This ensures a constantly accelerated boundary layer up to 

xmin - Δ2 and allows a smooth transition from zone of 

acceleration to zone of deceleration. The evaluation of the 

first order fit (d2) up to the leading edge assists the reduction 

of incidence.  

The limitation of the evaluation zones for first and 

second order fit solves the problem of trade-off behaviour 

between d2 and d3, as mentioned by Weidtmann et al. 

(2017). The evaluation of first order fit is limited to the zone 

of acceleration. Such a linear behaviour in the zone of 

acceleration does not conflict to the second order fit. 

Investigations have shown that defining Δ1 and Δ2 has a 

great impact on the resulting pressure distribution. Hence, 

proper values (≈10%) are crucial for the success of the 

optimization.  

Based on the definition and weighting approach, the 

error function ESS does not prescribe a specific and fixed 

distribution of pressure around a profile. It rather determines 

how well the properties of a well-shaped pressure 

distribution are matched. 

Figure 5: Evaluation Zone for the Parameter d1, d2 
and d3. Pressure Load Distribution (A and B) 
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Furthermore, a value of ESS < 0.03 is necessary for 

obtaining airfoil profiles, which satisfy the criteria for a well-

shaped pressure distribution.  

A well-shaped pressure distribution is characterized by a 

single global minimum of pressure on the suction side. Two 

valleys of pressure minimum are not desired. An additional 

parameter has been implemented in B2B optimization, which 

captures local minima of pressure distribution. In this case, 

the profile is identified as an error design. 

For the final B2B optimization, the profile thickness has 

been considered as constraint. This provides the ability to 

control the blade geometry in radial direction and restrict the 

design for structural integrity purposes.  

For the B2B or 3D optimization the error functions and the 

performance of the profiles/blade have to be considered. 

Since a low value of error function corresponds to an 

increase of performance, multi-objective method is not 

necessary. Still, two objectives for B2B and five objectives 

for 3D optimization are needed. The optimizer HEEDs is 

capable of utilizing single-objective method with multiple 

objectives. Therefore, the objectives are weighted against 

each other by the optimizer to one single objective. By 

default, the objectives are weighted equally. But, 

investigations have shown that prioritizing the error function 

in B2B optimization provides better results. That means that 

the optimizer is able to find suitable combinations of design 

variables for a well-shaped pressure distribution faster.  

An attempt of providing an objective, which includes the 

error function and performance weighted to each other, has 

not satisfied the expectation, since no reasonable weighting 

can be suggested.  

Final Airfoil Design Phase 

The substitution of B2B optimization by 3D 

optimization, starting with initial values for profile geometry, 

has been discarded, as discussed above. For this reason, the 

airfoil design phase has been divided into two phases. First, 

B2B optimization is performed with boundary conditions and 

initial values of profile geometry referring to Weidtmann et 

al. (2017), utilizing the error function and configurations 

described in previous paragraphs. The B2B optimization is 

then followed by 3D optimization of the resulting profiles, 

with reduced ranges for design variables. 

For the final B2B optimization, the total number of 

explorable designs has been limited to 800 for each section. 

Thanks to the ability of the optimizer of parallel design 

exploration, several designs can be calculated 

simultaneously. A total number of eight cores have been 

assigned for the optimization, with using one core per design. 

With this configuration one blade row is estimated (defined 

by 3 sections) in approximately 6 to 9 hours (one section is 

optimized in 2-3 hours).  

From 800 designs, which are calculated for one section, 

30% to 50% have been declared as error design. 10% to 20% 

have resulted in feasible designs, with well-shaped pressure 

distribution. Since ESS is prioritized in the optimization, the 

designs are rated by reduced value of ESS, not efficiency. 

But, almost all of feasible designs are showing the properties 

of a well-shaped pressure distribution. Here, the aft-loaded 

design is favoured. Therefore, one profile with rear 

maximum of Mach number and low pressure loss has been 

chosen for each section. This blade has been investigated in a 

3D-CFD simulation (case 2D1). A comparison of the global 

stage parameter will be presented after the 3D optimization. 

For further improvement of stage efficiency, the derived 

profiles from blade-to-blade optimization (2D1) have been 

utilized in 3D optimization. Again, the error functions have 

been prioritized. The total design number for the 

investigation has been limited to 600. For the 3D 

optimization the ranges for the design variables have been 

reduced. The comparison of the ranges of the design 

variables between B2B and 3D optimization is presented in 

Table 3. The mid-section is considered, as an example of the 

ranges. The stagger angle is varied by λ; the values αSS, L1, 

β2 and ε have influence on the suction side and the pressure 

side is manipulated by the combination of αPS, L3 and δTE. 

While the leading edge depends on αSS, αPS, L1 and L4, the 

most impact on the trailing edge have Δα and δTE. In 

comparison to the ranges used in B2B optimization, the 

range of the design variables in 3D optimization is strongly 

reduced with respect to initial values provided by B2B 

optimization. 

Parameter Mid-Section Range B2B Range 3D 

λ [deg] -55 – -35 +- 5 

𝛼𝑆𝑆 [deg] -10 – 40 +- 5 

𝛼𝑃𝑆 [deg] -10 – 40 +- 5 

L1 / c_ax [-] 0 – 1 +- 0.1 

L3 / c_ax [-] 0 – 1 +- 0.2 

L4 / c_ax [-] 0 – 1 +- 0.1 

𝛽2 [deg] 50 – 70 +- 3 

ε [deg] 0 – 20 +- 3 

Δα [deg] 0 – 20 +- 2.5 

𝛿𝑡𝑒 [deg] 0 – 30 +- 5 

Table 3: Comparison of the Ranges of the Design 
Variables between B2B and 3D Optimization 

A total number of 24 cores have been utilized for the 

final 3D optimization. The 600 designs have been examined 

in 8 days. From the 600 designs 34% are rated as error 

designs and 10% have been found as feasible designs. The 

design with best stage efficiency (3D1) has been chosen for 

the comparison of the 3D optimization to blade-to-blade 

optimization. In Table 4, the global parameters of the stage 

are compared between cases 3D1, 2D1, 2D0 and ATF-1D 

solution. 

Value / 

 Case 

φ 

 [-] 

Ψh  

[-] 

ρh  

[-] 

ηBlade 

[%] 

ηStage 

[%] 

ATF-1D 0.39 2.4 0.38 - 92.8 

2D0 0.425 2.493 0.382 90.50 92.71 

2D1 0.426 2.498 0.388 91.25 93.03 

3D1 0.427 2.51 0.392 91.50 93.14 

Table 4: Comparison of Global Stage Parameter 
between Case 3D1, 2D1, 2D0 and ATF-1D 

In comparison to ATF-1D prediction, case 2D0 shows 

an increased flow coefficient and increased stage loading. 
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The stage efficiency is slightly below the predicted value 

(ATF-1D). The comparison between case 2D0 and 2D1 

shows nearly the same flow coefficient. For case 2D1, the 

stage loading and reaction is increased in comparison to 2D0. 

This corresponds to the values of efficiency. In comparison 

to 2D0, the blade efficiency is increased by 0.75% pts and 

stage efficiency by 0.32% pts. The stage efficiency in case 

2D1 exceeds the results of ATF-1D by 0.23% pts. 

For case 3D1, the stage loading and reaction is slightly 

increased in comparison to 2D1. The stage efficiency has 

been further increased by 0.11% pts and blade efficiency has 

been improved by 0.25% pts, in comparison to case 2D1.  

In Figure 6, the profile shape and pressure distribution of 

case 2D0 (black), case 2D1 (red) and case 3D1 (blue) are 

compared to each other.  

For case 3D1, all sections resulted in convenient 

distributions of pressure with continuous acceleration and 

aft-loading. In comparison to case 2D0, the second valley of 

pressure on the hub-section (black) has been smoothed out in 

the final configuration and by evaluation of the error function 

(case 2D1 and 3D1). This is mentioned by Weidtmann et al. 

(2017), that the optimization procedure had its difficulties of 

adjusting the shape of the airfoil at hub-section to avoid the 

second valley. Within the 3D optimization, the pressure 

distribution of the hub-section has been further improved. 

The tip section of 3D optimization shows an increased 

diffusion compared to case 2D1 and 2D0. Furthermore, a 

change of curvature can be observed close to the trailing 

edge. A strong diffusion, right after the point of minimum 

pressure, is following by a stagnation of pressure increase. 

One reason, for the changed flow behaviour close to the 

trailing edge may be the weighting of d1 against the weighed 

sum of d2 and d3 (Eq. 5). In this case, the value d1 has a 

greater contribution to the value Y and is forced to be 

reduced. In Eq. 12 a modification of Eq. 5 is suggested, 

where d1 and d2 are weighted to each other by pressure load 

and d3 is prioritized. In comparison to the balanced approach 

described in previous section, this approach would prioritize 

a continuously change of curvature along the profile as 

desired. 

 
StagnationP

ddBAd
Y 321*


  (12) 

In radial direction the profile shape is well-distributed 

for all cases. 

The 3D optimization needs further investigations, as 

barely 10% of 600 designs are declared as feasible design. 

Especially, the tip-section indicates some potential for 

improvement of the 3D optimization. An individual 

evaluation of the error function at each section may be more 

reasonable for 3D optimization then the general approach, 

which has been introduced for B2B optimization. Also, the 

election and determination of the range of design variables 

have a great impact on the success of the optimization and 

should be investigated further. While prioritizing the error 

function in B2B calculation is sufficient enough for the 

success of the optimization, in 3D optimization the relation 

between each error function and their correlation to 

stage/blade performance needs further investigation.   

CONCLUSIONS 

In the present paper a design process for the whole 

bladed path of a steam turbine, which features automated 

design space exploration techniques, has been extended by a 

3D optimization. The adoption of reasonable weighting of 

the individual objectives has been successfully introduced, 

which provides feasible profile shapes for the purpose of 

pressure distribution, profile geometry and efficiency. 

Instead of 5 objectives, one objective is sufficient to qualify 

the shape of one profile in a single objective optimization. 

Based on this approach, the efficiency of the investigated 

stage has been improved by 0.43% pts, in comparison to 

former studies. 

A proper definition of the evaluation and examination of 

the pressure distribution (d1, d2 and d3) is essential for the 

success of the B2B and 3D optimization. Since these values 

determine the properties of the profile shape and have a great 

influence on the resulting pressure distribution.  

The use of the weighted value (error function) as 

objective allows utilizing single objective method, instead of 

multi-objective method for the optimization. Considering the 

performance of the profile (profile loss, efficiency etc.), two 

objectives for B2B and 5 objectives for 3D optimization are 

used in single objective optimization, which are weighted to 

each other by the optimizer. We came to the conclusion that 

prioritizing the error function leads to better results in 2D 

B2B optimization. For the 3D optimization further 

investigations are needed. 

A fully 3D optimization starting with initial values for 

profile geometry is not suitable for an automated design 

process, as the time effort for optimizing just one row is by 

far too large. It can be stated; that it is more reasonable to 

perform blade-to-blade optimization first, since any profile 

can be adjusted to given flow conditions within a couple of 

hours. The 3D optimization should be used for final 

adjustments of the resulting profiles to the real flow 

conditions in a 3D-CFD simulation, to improve the 

Figure 6: Comparison of Profile Shape and 
Pressure Distribution 
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performance. Hence, the range of parameters can be strongly 

reduced for the final 3D optimization. 

The design process takes six to ten days to generate one 

blade row (B2B and 3D optimization), which is still too 

much. But, B2B optimizations can be continued parallel to 

3D optimization. In this approach the B2B optimizations can 

be considered as preliminary design phase, while the results 

of 3D optimizations are suitable for the detailed design 

phase. Further investigations are needed for the configuration 

of the 3D optimization in terms of reasonable design 

variables and weighting of the error function against blade 

and stage performance.  

NOMENCLATURE 
1D one dimensional  

2D two dimensional  

3D three dimensional 

ATF-1D AixTurbFlow-1D 

ATF-2D AixTurbFlow-2D 

B2B blade-to-blade 

BC Boundary Conditions  

c chord length  

CFD computational fluid dynamics  

d diameter 

h static enthalpy  

IAPWS-IF97 The international Association for 

Properties of Water and Steam-Industrial Formulation 1997 

IP intermediate pressure 

i incidence  

M Mach number 

r radius  

SHERPA Simultaneous Hybrid Exploration that is 

robust, progressive and Adaptive 

USC ultra-supercritical  

u rotational speed  

x relative axial chord length  

GREEK SYMBOLS  
α absolute flow angle  

ηs isentropic efficiency (ηs=Δℎ/(Δℎ+𝛥ℎ𝑉))  

𝜆 stagger angle  

ρh degree of reaction (ρh=𝛥ℎ𝑅/Δℎ)  

φ flow coefficient (φ =𝑐𝑎𝑥/𝑢2)  

Ψh stage enthalpy coefficient (Ψh =2Δℎ/𝑢2
2)  

SUBSCRIPTS 
V Loss 

0, 1, 2 Stator Inlet, Stator Outlet, Rotor Outlet  

R Rotor  

S Stator  

Max Maximum Value 
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